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Anadromous fish, such as alewives (Alosa pseudoharengus) can provide an important link between coastal 
watersheds and the Atlantic Ocean along the Gulf of Maine.  Alewives contribute marine-derived nutrients (MDN) 
in the form of nitrogen to freshwater lakes via excretion and mortality as they migrate upstream during spawning 
season.  Previous attempts to detect MDN in the sedimentary record have provided equivocal results. Freshwater 
biota or the size of current alewife migrations may have a significant effect on the sedimentary MDN signal. The focus 
of this project is to determine the degree to which MDN were imported into Nequasset Lake, Woolwich Maine. 
These data represent the initial findings of an expanded, multi-institutional, multi-year study currently underway.
The Nequasset Lake watershed covers an area of ~50 square kilometers and provides drinking water to 
the city of Bath and three other communities in Maine. Every spring, alewives return to Nequasset Lake to spawn, 
accessing the lake through a fish ladder adjacent to the water control dam. In April and May 2012, alewife counts 
were performed at the top of the fish ladder by volunteers of Trout Unlimited and Kennebec Estuary Land Trust. 
Water samples were collected from the top of the fish ladder, and from the 4 major stream inlets, and analyzed for 
nutrient concentrations (TDN, NO3
-, NH4
+) to construct a nitrogen budget. Additional samples were collected 
for δ15N of water NO3
- analysis from April to June to trace marine-derived nitrogen from the alewives in the lake. 
δ15N of water NO3
− (+1.6 ‰) suggests the only detectable MDN signal is at the top of Nequasset Dam. 
However, NH4
+ concentrations may suggest Nequasset Brook and Sucker Brook be targeted for restoration 
management. Nutrient cycling models shows that the implications of MDN may be insignificant because 
nutrient loading from the 2012 migration only accounts for approximately 1% of the total nitrogen inputs.
Abstract
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1.1 Summary of Study
 Anadromous fish provide an important link between coastal watersheds and the Atlantic 
Ocean along the Gulf of Maine. The anadromous alewives (Alosa pseudoharengus) have been found 
to impact nutrient cycling in New England coastal lakes (Kline et al., 1993; Post and Walters, 2009; 
Walters et al., 2009), as they migrate upstream to spawn and back into the sea as adults. Alewives 
contribute marine–derived nutrients (MDN) in the form of nitrogen to freshwater lakes via excretion 
and mortality during spawning season. The focus of this project is to determine the degree to which 
MDN were imported into Nequasset Lake, Woolwich Maine.  Every spring, alewives return to 
Nequasset Lake to spawn, accessing the lake through a fish ladder adjacent to the water control dam. 
In April and May 2012, alewife counts were performed at the top of the fish ladder by volunteers of 
Trout Unlimited and Kennebec Estuary Land Trust. The Nequasset Lake watershed covers an area of 
~50 square kilometers and provides drinking water to the city of Bath and three other communities 
in Maine. It has one of the only commercially harvested alewife fisheries which provide an excellent 
opportunity to study the impacts of alewives on nutrient cycling. 
1.2 Nitrogen cycle
 Nitrogen is an essential constituent of proteins and nuleic acids (DNA and RNA), and 
therefore is classified as an essential nutrient for all living material. The biogeochemical nitrogen cycle 
consists of four processes: fixation, mineralization or ammonification, nitrification, and denitrification 
(Figure 1.1) (Smith and Smith, 2001). Most of these processes are mainly driven by microbes through 
reduction–oxidation (redox) reactions (Canfield et al., 2010).
1.2.1 Fixation
 Nitrogen makes about 79% of the earth’s atmosphere, which is the largest reservoir of N2 on 
the earth’s surface (Smith and Smith, 2001). Despite its abundance, virtually all of available nitrogen 
is in its inert, diatomic form, N2. Due to its triple bond, the compound cannot be directly assimilated 
by most organisms. Certain mutualistic bacteria, particularly Rhizobium sp., living in association with 
leguminous and root nodule nonleguminous plants, such as Sargassum, can successfully break up the 
inert atmospheric nitrogen (Smith and Smith, 2001; Sharp, 2007). Bacteria and cyanobacteria (blue–
green algae) use the enzyme nitrogenase, to reduce gaseous nitrogen N2 into ammonia (NH3) through 
fixation (Figure 1.1) (Sharp, 2007):
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Due to the strength of its triple bond, a large amount of energy (160kcal/mole N2) is required to 
break the bond (Smith and Smith, 2001). The free N atom can then combine with hydrogen to make 
ammonia. This step is energetically favorable and releases about 13 kcal/mole N2 in energy:
                                                                                                          (Sharp, 2007)
1.2.2 Protonation and nitrification
 Gaseous ammonia can then go through two processes to become ammonium (NH4
+) and 
nitrate (NO3
−), two major sources of inorganic nitrogen that is used by primary producers. First, 
ammonia can be converted into ammonium (NH4
+) through protonation:
                                                                                                                 (Fogel and Cifuentes, 1993)
Second, gaseous ammonia can also be oxidized by nitrifying organisms through nitrification to create 
nitrite and eventually nitrate (Sharp, 2007). This two–step process is an exothermic reaction and is 
an energy source for many microbes (Smith and Smith, 2001). The first oxidation step is by a group 
of bacteria Nitrosomonas (Smith and Smith, 2001). The remaining energy from the nitrite ion is then 
exploited by another group of bacteria, Nitrobacter. 
                                                                                                                   (Galloway, 2004)
1.2.3 Assimilation 
 Inorganic nitrogen ammonium (NH4
+) and nitrate (NO3
−) can then be incorporated into the 
living tissues of primary producers through the process of immobilization or assimilation. As plants 
and animals die, proteins in decomposing organisms are broken down by bacteria and fungi to amino 
acids. Amino acids are then oxidized to carbon dioxide, water, and ammonia. This process is called 
mineralization of nitrogen (Figure 1.1): 
                                                                                                                   (Smith and Smith, 2001)
1.2.4 Denitrification 
 Nitrite and nitrate that are not taken up by primary producers in anoxic settings can 
undergo denitrification. Some fungi and the bacteria Pseudomonas can convert nitrates into N2O and 
ultimately into N2 gas (Smith and Smith, 2001; Sharp, 2007):
                                                                                                                   (Smith and Smith, 2001)
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These denitrifying bacteria and fungi tend to be more active in anaerobic zones where NO3
− is used 
for the hydrogen acceptor instead of O2 (Smith and Smith, 2001). A large pool of inorganic nitrogen 
can accumulate in deep ocean anaerobic zones or in the anoxic sediment layer of estuaries. Diatomic 
nitrogen is diffused back out of the water column and into the atmosphere. If denitrification did not 
replenish atmospheric N2 then the atmosphere would be depleted in N2 100 million years (Sharp, 
2007).
1.2.5 Forms of nitrogen 
 In water, there are 3 major pools of nitrogen: dissolved inorganic nitrogen (DIN), dissolved 
organic nitrogen (DON), and particulate organic nitrogen (PON). As discussed above, NO3
− and 
NH4
+ are two primary sources of dissolved inorganic nitrogen (DIN).  NH4
+ concentration in 
unpolluted water can range from 0 to 5 mg liter-1, although concentrations may be higher at 10 
mg liter-1 in eutrophic lakes (Veuger et al., 2004; Wetzel, 2001). NO3
− concentration in unpolluted 
freshwater can range from undetectable levels to nearly 10 mg liter-1 but can vary seasonally and 
spatially (Wetzel, 2001). Concentrations of DIN, DON, and PON are several indicators of 
productivity in lakes. 
 Einer Naumann (1919, 1929) first coined the terms eutrophy for rich–nutrient lakes and 
oligotrophy for lakes with low nutrient concentration (Juday, 1928). Productively in a freshwater 
lake is a function of geomorphological, physical (temperature and light), chemical (calcium, humic 
content, nitrogen, phosphorus, iron, pH, oxygen, and CO2) and biological aspects (bacteria, fish, 
etc.). Nitrogen distribution can vary through depth and seasons in lakes of different nutrient states 
(Figure 1.2). In an oligotrophic lake, NO3
− concentration is relatively low in the epilimnion (surface 
water), increases in the thermocline, and stays relatively high in the hypolimnion (deep water) 
(Wetzel, 2001). NH4
+ concentration stays relatively stable in a stratified oligotrophic lake. This is 
because NH4
+ is quickly assimilated by algae in the photic zones, thus representing the significant 
source for the plankton community. NH4
+ can accumulate as organic matter continues to reach the 
hypolimnion during sedimentation in eutrophic conditions, especially during anoxic condition. 
Figure 1.2: Generalized DIN 
distribution in a stratified 
lake according to its 
productivity (Wetzel, 2001)
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As a result, bacterial nitrification of NH4
+ to NO3
− ceases at the sediment–water interface. NO3
− 
concentration becomes relatively high in the epilimnion compared to the deeper water. NH4
+ also sees 
stratification throughout the water column. Lower concentration of NH4
+is seen in the epilimnion 
while increases with temperature and depth (Figure 1.2).  
 The DON pool consists of a wide range of compounds derived from external sources 
(terrestrial and atmospheric inputs) and internal sources in bodies of water (phytoplankton and 
bacteria) (Veuger et al, 2004). Within the recent decade, only 20% of estuarine marine DON has 
been chemically identified. This includes urea, dissolve free amino acids (DFAA), dissolved combined 
amino acids (DCAA) and nucleic acids, all of which have shown to be potential nitrogen sources to 
the lake of interests (Veuger et al., 2004). 
1.2.6 Sources and sinks of nitrogen 
 A drainage basin may receive nitrogen from natural and anthropogenic sources (Figure 
1.1). The amount of nitrogen received by a lake from atmospheric sources at certain location may 
be significant enough to affect nutrient cycling (Wetzel, 2001). Atmospheric sources of nitrogen can 
be derived from precipitation and dry fallout. Inputs of NO3
− and NH4
+ from atmospheric sources 
average about 0.55 to 1.2 g N m-2yr-1 over the continental United States but this may vary due to 
location and size of the watershed (Wetzel, 2001). 
 Surficial drainage and groundwater from within the watershed are also major influxes of 
nitrogen. Dissolved and particulate nitrogen are assimilated and produced, largely by microbiota, as 
it migrates downstream (Wetzel, 2001). Meanwhile, rock weathering and erosion may also contribute 
diluted concentration of nitrogen to freshwater (Schurr, 2011). Increase precipitation is correlated 
with increase of erosion which leads to higher influx of nutrients (Howarth et al., 2006). 
 Inputs of inorganic nitrogen from anthropogenic sources often results from agricultural 
activities, septic contamination, and air pollution (Figure 1.3a). Anthropogenic nitrogen loading has 
made eutrophication a major issue in coastal marine ecosystem during the development of human 
population (NRC, 2000). In Canada, it is estimated that 1.4 million tons of nitrogen is discharged 
into the atmosphere when ammonia releases from fertilizer and manure (Chambers et al., 2001). 
Over the past several decades, the use of commercial fertilizers and production of manures have 
increased rapidly. In 1996, a total of 0.3 million tons of nitrogen was estimated to enter fresh, ground 
and coastal waters from anthropogenic sources (Schindler et al., 2006). Urbanization also contributes 
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Figure 1.3: (a) The average annual anthropogenic inputs in major watersheds in NE U.S. between 
1988 and 1993 (Howarth et al., 2006). (b)Pie charts of major watersheds in Maine (shaded 
yellow), compared to watersheds in urban setting. Notice the majority of nitrogen input in 
Maine derives from atmospheric deposition. Whereas urbanized watersheds like the Charles and 
Schuykill have major inputs from farm products. 
Penobscot  
Charles 
Androscoggin 
Schuylkill 
Kennebec 
Deposition
Fertilizers 
Agricultural Fixation
Net import from foods 
and feeds
of 1760 kg N km)2 year)1 for the Charles and Schuylkill River basins
(Table 1). In comparison, without human disturbance average watersheds in
the north temperate zone are estimated to export approximately 100 kg
N km)2 year)1 (Howarth et al. 1996, 2002b; NRC 2000). The fluxes from the
Charles and Schuylkill basins are quite high, and in fact exceed the average flux
from the watersheds of the highly populated, heavily industrialized and agri-
culturally intensive watersheds that drain to the North Sea in Europe (1450 kg
N km)2 year)1; Howarth et al. 1996). Seven out of the 16 watersheds in the
northeastern U.S. have nitrogen fluxes that exceed the average flow down the
Mississippi River basin (570 kg N km)2 year)1; Howarth et al. 1996).
The 16 watersheds vary in the relative importance of the various nitrogen
inputs to the overall NANI estimate (Table 2). The majority of NANI comes
from NOy deposition in the 4 watersheds in Maine (the Penobscot, Kennebec,
Androscoggin, and Saco River basins). In the watersheds further south, the
NOy deposition rates are higher than in Maine, but other sources increase even
more (Table 2). The net importation of nitrogen in food and feed is quite
important in watersheds with higher population densities, and this makes up
more than half of NANI in the Charles and Blackstone River basins. In many
watersheds, agricultural inputs from fertilizer use and nitrogen fixation are
dominant, and these make up 50% or more of NANI in the Mohawk, Dela-
ware, Potomac, Rappahannock, and James River basins (Table 2). Overall, for
Table 2. Average annual nitrogen inputs from anthropogenic sources to the 16 major watersheds
of the northeastern U.S. for the period 1988 to 1993 (kg N km)2 year)1).
NOy
deposition
N
fertilizer
use
Agricultural
N
fixation
Net
N
import in foods
and feeds
Total Net
anthropogenic
N inputs (NANI)
Penobscot 360 90 70 40 560
Kennebec 430 50 160 150 790
Androscoggin 500 80 150 240 970
Saco 570 40 100 100 810
Merrimack 610 150 210 710 1680
Charles 670 200 190 2090 3150
Blackstone 710 310 310 1500 2830
Connecticut 630 270 360 570 1830
Hudson 660 200 370 270 1500
Mohawk 710 410 1240 620 2980
Delaware 810 530 680 350 2370
Schuylkill 890 1210 1230 1950 5280
Susquehanna 820 620 1150 1100 3690
Potomac 710 1020 1170 1450 4350
Rappahannock 620 1030 1440 610 3700
James 650 360 700 400 2110
Area-weighted mean 680 560 740 740 2720
northeastern US mean
(Howarth et al. 1996)
1200 600 750 1000 3550
169
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nitrogen through lawn fertilizers, municipal sewage, detergents, etc. In New England, anthropogenic 
nitrogen loading in an unpolluted watershed is estimated at approximately 100 kg N km -2 year-1 from 
1988 to 1993 (Howarth et al., 2006; NRC, 2000). However, concentration increases up to 1760 kg 
N km -2 year-1 in Charles and Schuylkill River basins where urbanization is the greatest (Howarth 
et al., 2006). In Maine, where human development was comparably low, total nitrogen input in 
Penobscot, Kennebec, Androscoggin River Basins are at 560 kg N km -2 year-1, 790 kg N km -2 year-1, 
and 970 kg N km -2 year-1, respectively (Figure 1.3b) (Howarth et al., 2006). 
1.3 Nitrogen isotopes 
 Stable isotopes of nitrogen in water are analyzed to determine the origin of nitrogen inputs. 
Nitrogen has two stable isotopes— 14N and 15N. 14N is more abundant and takes up 99.63% of 
nitrogen in nature, while the other 0.37% of nitrogen is 15N (Sharp, 2007). The average natural 
occurrence of 15N in air is 0.3663 ‰ and is fairly constant; thus it is used as the standard against 
which all other samples are compared (Fritz and Fontes, 1980). The δ15N of a sample is determined 
by comparison to the standard in air multiply by 1000: 
                                                                                                                  (Sharp, 2007)
 A positive δ15N value indicates that the sample has more 15N relative to air, whereas depletion 
is indicated by a less positive or negative δ15N value. Enrichment of 15N in organic matter and 
aqueous environment is used as tracer studies in biological nitrogen cycle (Fritz and Fontes, 1980). 
This can only be achieved by understanding how biogeochemical cycling affects the fractionation of 
DIN (Michener and Lajtham, 2007). 
1.3.1 Fractionation in nitrogen cycle
 Fractionation occurs when there is a difference in partitioning of isotopes of different mass 
between two substances or two phases of the same substances. This is a mechanism by which a 
substance becomes isotopically enriched or depleted relative to the standard and can occur due to 
chemical, physical, and biological factors (Sharp, 2007). Fractionation can occur as equilibrium 
fractionation and kinetic fractionation. Equilibrium fractionation is defined by the isotopic exchange 
reaction between two substances or phases in equilibrium with each other. Kinetic fractionation 
results from processes, such as many biological reaction, that are unidirectional (i.e. evaporation). 
The isotopic ratio of different nitrogen species varies during different processes of the nitrogen cycle 
(Figure 1.1). The fractionation during each process of the nitrogen cycle is described in the standard 
notation δ15Nproduct–reactant. This indicates the difference of δ15N values of the product phase to source or 
reactant. In other words, when the δ15N is positive, this means the product is more enriched than the 
source. 
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 Fractionation during fixation of N2 by the enzyme nitrogenase have been found to produce 
a δ15N of about −3 to +1‰ (Michener and Lajtham, 2007) which results a δ15N of around 0.7‰ 
for fixed nitrogen (Sharp, 2007). Mineralization also shows nearly negligible fractionation, ±1‰ 
(Michener and Lajtham, 2007; Sharp, 2007). 
 Fractionation occurring during nitrification depends on which step is rate–determining 
because there is a two–step reaction. Usually the oxidation of NO2
− to NO3
− is not the rate 
determining step because it occurs rapidly in natural systems (Michener and Lajtham, 2007). The 
first step of nitrification is found to have fractionation ranges from −29 to −18 ‰ (Sharp, 2007). The 
extent of fractionation is dependent on the fraction of NH4
+ that is being consumed. 
 Assimilation of nitrogen by living organisms generally discriminates against heavy nitrogen. 
A large range of fractionation has been studied both in ecological systems and laboratory experiments, 
ranging from −30 to 0 ‰ (Michener and Lajtham, 2007). The extent of fractionation is dependent 
on whether the living organism is nitrogen limited, enzyme limited, or diffusion limited (Michener 
and Lajtham, 2007; Sharp, 2007).   
 During denitrification, fractionation ranges from −40 to −5 ‰ (Sharp, 2007). Rayleigh 
fractionation occurs when NO3
− is diffused into the atmosphere as N2, evaporation favors the lighter 
isotope leaving the lake enriched. The extent of fractionation is highly dependent on environmental 
conditions.
1.3.2 5 δ15N of sources and sinks
 δ15N of most terrestrial materials ranges from −20 to +30‰ (Kendall, 1998). Isotopic signal 
of forested ecosystems are determined by the nitrogen fixation atmospheric source (~0‰). Inorganic 
fertilizers, a product of the Haber Process, also resembles the isotopic signal of the atmosphere 
(~0‰). Meanwhile, organic fertilizers, deriving from animal wastes, have an enriched δ15N signal 
(+10‰ to +20‰). The enrichment in δ15N is mainly due to the excretion of light nitrogen in urine 
(Kendall, 1998). Animal waste may further be enriched in δ15N during the volatilization of light 
nitrogen. 
 Nitrogen–bearing material in a freshwater ecosystem may have distinctive δ15N signal due to 
the fractionation during nitrogen cycling. A study conducted by Mariotti and Letolle (1977) in an 
agricultural basin just 50 km of Paris suggested a mean δ15N of the water is about +8‰. Meanwhile, 
Walters et al. (2009) studied the δ15N of periphyton and aquatic macroinvertebrate in Four Mile 
River, CT, and suggested values ranging from +2 to 5 ‰. In marine environments, the NO3
− and 
NH4
+ is generally enriched which is a result of fractionation during denitrifcation and assimilation 
when the processes discriminates against heavy nitrogen (Sharp, 2007). 
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 As discussed above animals generally have more enriched δ15N values. This is because δ15N 
values of animals are largely controlled by their diet (Sharp, 2007). This is often described by the 
isotope in–joke “you are what you eat plus 3‰” (Kendall, 1998). As discussed above, enrichment in 
δ15N is largely due to the excretion of light nitrogen in urine (Sharp, 2007). With increasing trophic 
levels, the δ15N value becomes more enriched (Figure 1.4). Marine animals have higher δ15N value 
than terrestrial animals because they are feeding at a higher trophic level. 
1.4 Previous studies
 Within the past decade, natural 
abundance of δ15N in coastal lakes has been used 
as tracers of marine derived nitrogen (MDN) as 
result of anadromous fish migration (Johnston 
et al., 2004; Kline et al., 1993; Walters et al., 
2009; West et al., 2010). Many studies have been 
done in the Pacific Northwest and Alaska, where 
anadromous salmon is prevalent in coastal lakes 
and streams. Using δ15N values, the presence of 
MDN can be identified. 
 During the summer months, anadromous fish populations migrate from the ocean upstream 
into a freshwater environment to spawn before returning to the ocean as adults. MDN from 
migrating fish is incorporated in the lake through excretion, carcasses, gametes, and newly spawned 
young–of–the–year (YOY) (Kline et al., 1993; Michener and Lajtham, 2007). Enriched NO3
− and 
NH4
+is then incorporated by primary producers through direct consumption of carcasses and 
microbial uptake of dissolved nitrogen released from carcass and excretion (Walters et al., 2009). 
 Kline et al. (1993) conducted a study in Iliamna Lake in Bristol Bay, AK, to determine the 
significance of MDN by examining δ15N values of the biota. The lake is a major anadromous sockeye 
salmon (Oncorphynchus nerka) nursery that supports a peak–year run of >10million. Enrichment 
of heavy nitrogen is found in Iliamna Lake compared to salmon–free lakes in similar watershed. 
Whole fish and tissues samples were obtained near the Iliamna Lake outlet generated δ15N values 
ranging from +11.4 to +12.3 ‰ (Kline et al., 1993). Comparison of periphyton δ15N between 
Iliamna Lake and control lake is also examined and showed a range of +3.9 to +6.1‰, and −.05 
to +.8‰, respectively. Similar enrichment is also seen in other anadromous fish such as Ninespine 
stickleback, Coastrange scupin, Rainow trout, etc (Kline et al., 1993). Salmon abundance and 
MDN also determines chlorophyll a concentrations (algal biomass) when most primary production 
occurred in studied oligotrophic streams near Takla Lake, British Columbia, Canada (Johnston et al., 
Figure 1.4: δ15N of marine plants and animals as a 
function of trophic level (Sharp, 2007).
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2004). This results from increased carcass loading and decomposition within salmon–filled streams. 
Available organic nitrogen is mineralized by microbes and subsequently utilized by benthic algae, 
thus promising primary productivity. Furthermore, Periphyton accrual rates also peaked during the 
migration of sockeye salmon. This shows MDN is quickly incorporated into the freshwater food web. 
 Similar to Pacific salmon, anadromous alewives (Alosa pseudoharengus) are also an important 
vector of MDN in streams and lake in the Gulf of Maine (GOM) (Durbin et al.,1979; Walters et al., 
2009; West et al, 2010). There has been a decline in fish population across the Atlantic coast due to 
overfishing and construction of dams (Atlantic States Marine Fisheries Commission 1999). By the 
late 1860’s, alewife population is said to have declined from an estimated 50 million to only about 3 
million fish (Ames and Lichter, 2012). The current estimated alewife population in GOM continues 
to be around 3 million; restoration efforts in New England have pushed for the removal of dams 
and construction of fish ladder in order to restore historical alewife spawning ground (Walters et al., 
2009). 
 Alewives belong to the Clupeidae family, which includes herrings, shads, sardines, and 
menhadens. The adult average length is about 30 cm and is Native to the coast from North Carolina 
to northeastern Newfoundland (Green et al., 2009). The adult alewives migrate up their natal streams 
and lake during the spring to reproduce. Immediately after the spawn, they return to their marine 
habitat where they then co–migrate with the Atlantic Herring to Ipswich Bay and eventually the 
southern end of the coastal shelf (Ames and Lichter, 2012) . 
 Characteristics of alewives may have significant impact on local ecosystems. In freshwater 
lakes and streams, they feed extensively on zooplankton, including copepods, diatoms, ostracods, 
as well as small insect, shrimp and fish larvae (Macavoy, 2009).  They can have profound effects on 
plankton density and size, making trophic changes (Green et al., 2009). During the late summer, they 
begin to emigrate back into coast estuaries in the GOM as the plankton population dwindles (Ames 
and Lichter, 2012). The YOY alewives, along with the Atlantic Herring, then migrate progressively 
into deeper and warming water in the GOM, where they remain throughout the winter season. The 
cycle of alewife migration continues the next spring, the next spawning season. 
 Compared to Pacific salmon, the magnitude of marine nitrogen transported upstream 
is unclear due to several differences in species and ecosystem characteristics. First, alewives are 
iteroparous, which means they have multiple reproductive cycles, possibly contributing more MDN 
into spawning grounds, whereas Pacific salmon is semelparous, a single reproductive cycle (West et 
al., 2010). Second, alewives broadcast spawn without the process of digging nest, which reduces their 
impacts as bioturbators (Walters et al., 2009). More importantly, Pacific salmon typically spawn in 
nutrient–poor lakes and streams where MDN is considered beneficial, while lakes in New England 
20
are generally naturally mesotrophic and eutrophication is a major concern due to urbanization (West 
et al., 2010). 
 The two main mechanisms for MDN inputs derive from excretion and decomposition 
of carcasses (Durbin et al., 1979; Post and Walters, 2009; Walters et al., 2009). Contribution of 
nitrogen from alewife excretion rate has been summed up by Post and Walters (2009), from both 
microcosm experiment (Durbin et al.,1979) and field studies, to be an average of 24.71 µg · g fish-1 · 
hr-1. As for phosphorus, the mean mass–specific excretion rate is 2.17 µg · g fish-1 · hr-1. It should be 
noted that the examined excretion rate is obtained from Bride Brook, CT, which is a relatively small 
stream with width of 5 m and depth of only 0.1 –0.2 m. Nevertheless, some of the alewives retain 
their migratory characteristic. For example, migrating fish tend to aggregate at high density before 
moving further upstream (Post and Walters, 2009). Furthermore, nutrient loaded through excretion is 
immediately available for uptake by microbes and primary producers (West et al., 2010). Meanwhile, 
nutrient loading from carcasses is not immediately available because it has to be mineralized first. 
Carcass loading is mainly controlled by mortality rate (Macavoy, 2009). Previous studies suggests the 
postspawning mortality is 41% (Havey, 1961), and betweem 39% and 57% (Durbin et al., 1979). 
This range also coincides with the mortality rate used by West et al. (2010), 56%. All in all, the 
annual migration of anadromous alewives transported an average of 1050 g of nitrogen and 120g of 
phosphorus in Bride Brook, CT. Similar to studies conducted by Kline et al. (1993) and Jonston et al. 
(2004), peak δ15N values in all trophic levels is correlated with alewife migration during the months 
of April and May (Figure 1.5) (Walters et al., 2009). For example, the δ15N of periphyton (+6.79‰) 
in Bride Brook is 4.61 ‰ more enriched then a control site that does not receive alewives. MacAvoy 
et al. (2009) examined alewives themselves, along with several other fish species, as marine nutrient 
vectors. A bulk isotope analysis was performed on the dorsal muscle tissue, producing a δ15N of 12.8 
± 0.8 ‰ (Macavoy, 2009). 
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Predator 10.37 0.36 –23.21 0.17 3 4.77 0.48 –27.74 0.41 8
Fig. 4. (a and b) d15N and (c and d) d13C values for periphyton (circles), collector-gatherer insects (triangles), and predatory insects
(squares) at (a and c) an alewife stream, Bride Brook, and (b and d) a no-alewife stream, Four Mile River, in spring – early summer 2005.
The time period corresponding to the alewife spawning migration is shaded. Note that for Figs. 4a and 4b, the scale is different but the
range of values is the same.
444 Can. J. Fish. Aquat. Sci. Vol. 66, 2009
Published by NRC Research Press
is three times greater than current estimates of alewife nu-
trient inputs into Bride Brook (1050 g of nitrogen and 120
g of phosphorus). Declines in Pacific salmon runs and the
corresponding nutrient influx have raised concerns about the
productivity of the these freshwater systems and their ability
to support wildlife, such as juvenile salmon (Schindler et al.
2003). These concerns are less relevant to Atlantic coastal
streams that are generally more productive than Pacific
streams. Also, these nutrient loading estimates are much
lower than those for Alaskan salmon streams where inputs
of 90 000 – 400 000 kg of nitrogen and 11 000 – 50 000 kg
of phosphorus are common (Moore and Schindler 2004).
These numbers are for much larger river systems that expe-
rience high levels of carcass loading whereas alewife mor-
tality is very low in Bride Brook. Our values are also lower
than those from Durbin et al. (1979), which saw 2700 mg
Nm–2year–1 and 430 mg Pm–2 year–1 in Pausacaco Pond
(Rhode Island) compared with 63.6 mgm–2year–1 of nitro-
Table 2. Average d15N and d13C values for periphyton and aquatic macroinvertebrate functional feeding
groups for Bride Brook and Four Mile River in 2005 and 2006.
Bride Brook (alewife) Four Mile River (no alewife)
Functional group d15N SD d13C SD n d15N SD d13C SD n
2005
Periphyton 8.40 0.46 –29.26 2.79 6 3.63 0.64 –29.44 0.91 5
Collector-filterer 9.36 0.77 –32.63 3.48 8 3.82 0.93 –30.36 1.20 10
Collector-gatherer 8.39 0.54 –26.83 1.55 7 2.73 0.73 –3 .06 1.28 14
Shredder 5.79 1.20 –32.84 2.62 3 1.34 0.57 –32.86 0.28 4
Predator 10.48 0.42 –27.18 0.99 11 4.48 0.37 –29.21 0.89 11
2006
Periphyton 6.79 1.41 –25.91 4.03 7 2.18 0.76 –29.72 1.19 6
Collector-filterer 9.25 0.51 –31.50 4.56 3 3.62 1.14 –29.55 0.76 6
Collector-gatherer 7.65 1.07 –25.96 2.64 8 3.04 1.15 –29.56 1.03 9
Shredder 4.21 0.30 –32.62 1.83 3 1.51 0.44 –30.84 0.39 3
Predator 10.37 0.36 –23.21 0.17 3 4.77 0.48 –27.74 0.41 8
Fig. 4. (a and b) d15N and (c and d) d13C values for periphyton (circles), collector-gatherer insects (triangles), and predatory insects
(squares) at (a and c) an alewife stream, Bride Brook, and (b and d) a no-alewife stream, Four Mile River, in spring – early summer 2005.
The time period corresponding to the alewife spawning migration is shaded. Note that for Figs. 4a and 4b, the scale is different but the
range of values is th same.
444 Can. J. Fish. Aquat. Sci. Vol. 66, 2009
Published by NRC Research Press
Figure 1.5: δ15N values of periphyton (circles), collector-gatherer insects (triangles), 
and predatory insects (squares). (a) Bride Brook, CT, receives anadromous alewives 
and (b) a co trol site, that does o  receive anadromous alewives (Walters et al., 
2009).
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1.5 Nequasset Watershed
 Similar to Bride Brook, Nequasset Lake is an important spawning ground for anadromous 
alewife. It is located in the south coast section in Maine in the town of Woolwich, Sagahadoc 
County (Figure 1.6). The watershed is 51 square kilometers large and extends throughout the town 
of Woolwich, Wiscasset, and Dresden. Oriented in a north–northeast to south south–southeast 
direction, the drainage basin measures about 16 km long and averaging only 3.1 km in width. 
The water that drains into Nequasset Lake provides drinking water for the cities of Woolwich, 
Wiscasset, and Bath. The bedrock geology mostly consists of the Cape Elizabeth Formation (Oce) 
overlain glacio–marine silty clay of the Presumpscott Formation. (USGS, 2002). Devonian granite 
intrusions are also prevalent across the region.  Morford et al. (2011) conducted a region wide study 
of the possibility of nitrogen contribution from bedrock geology and concluded that mica–schist 
dominating bedrock contains roughly 10 times the level of nitrogen found in diorite–gabbro. 
However, the mechanism of nitrogen diffusion is still unclear. Therefore, it is assumed that no 
nutrients were contributed from the underlying bedrock. 
 Alewives have been an important cultural and economic component of Woolwich, Maine for 
centuries. During the time of European settlement, its economic value is a result of their use as food 
during the winter seasons when crops are scarce (KELT, 2012). Today, alewives are used as lobster bait 
and have become a local delicacy.  According to official records, Neqausset Dam and Mill existed as 
early as 1730, and were renewed from time to time. The alewives have been such a vital component 
of Woolwich that by 1788, legislation was passed to require fish passage over Nequasset Dam from 
May to September. To this day, fish ladder continues to be in use over the Nequasset Dam to provide 
passage for alewives to reach their natal lake (Figure 1.6). Communities of Woolwich County have 
been supporting the work of Trout Unlimited and Kennebec Estuary Land Trust to restore alewife 
population. Many volunteers do so by counting fish during spawning period since there is no 
automatic counter present. 
 As alewives lose access to coastal lakes, productivity and water quality management may 
become a major concern. Many restoration efforts have been battling alewife population decline due 
to construction of dam and overfishing. At Nequasset, a fish ladder has been providing an alternative 
passage. While many previous studies have focused on Pacific salmon (Oncorhynchus spp.), another 
anadromous fish in the Pacific Northwest, less is known about the role of alewives in coastal New 
England. The purpose of this study is to understand nutrient cycling in Nequasset Lake in the 
presence of anadromous alewives, which is the key to successfully manage restoration effort in order 
to provide clean drinking water. 
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Nequasset Lake
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Gulf of Maine
Figure 1.6: Location of Nequasset Lake and Watershed. Note that Nequasset Watershed does not 
encompass the town of Bath, most populated town in the area. Dashed white line shows the 
possible route taken by migrating alewives.
Nequasset Dam
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 δ15N in dissolved inorganic nitrogen (NO3− and NH4+) can be important tracers to track 
marine–derived nitrogen (MDN) contributed by alewives. MDN is incorporated into freshwater 
habitat through fish excretion and mortality. Changes in nutrient level are also sensitive to yearly 
migration population, adult mortality rate, and accessibility (Walters et al., 2009; West et al, 2010). 
Therefore, conditions of nutrient cycling would vary from site to site. 
 A nitrogen budget of Nequasset Lake will be calculated through ammonium (NH4+), nitrate   
(NO3−), and nitrite (NO2−). From April to October, water samples are collected at seven different 
sites, four of which are river inlets to account for anthropogenic pollution from upstream and the 
extent of alewife migration. A nutrient budget of a lake requires concentration of each species and 
rate of which they are being transported. As alewives continue to migrate in and out throughout the 
summer and fall months, one may expect to see a change in nitrogen and phosphorus concentration. 
This is then correlated with river flow rates and migrating population. Fish population was collected 
when I worked with the Kennebec Estuary Land Trust to count alewives as they pass through the 
ladder on a daily basis during the summer months. A compilation of data will generate a well–
constraint model showing the nutrient inflow and outflow rates throughout the season. This will 
ultimately help restoration management and maintain clean drinking water within the Nequasset 
Watershed. 
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Chapter 2: Methods
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2.1 Field Methods
2.1.1 Fish count
 Estimation of the total alewife population was obtained using a two–way stratified random 
sampling design reported by Nelson (2006). The surveying method was adopted by the Kennebec 
Estuary Land Trust (KELT) and T. Willis of University of Maine, who worked with volunteers from 
the Woolwich community to count migrating fish throughout the day. Volunteers were instructed 
to make 2 ten–minute counts at the top of the fish ladder during each of the seven daily periods 
(two–hour intervals from 6 am to 8 pm) from April 16th to June 2nd. The main objective of statistical 
sampling was to estimate the total migrating population from only a small sample of observations 
during the spring spawning season. This was expressed as follows:
                                                                                                        (Nelson, 2006)
Where  was the mean number of fish passing during a time unit, n was the number of time units 
sampled. For example, three ten–minute alewife count were conducted and the count values of 30, 6, 
20 fish per counting intervals. The numerator would then be 30+6+20. This was then divided by the 
sample size, in this case, the number of intervals counted. To get the total migrating population (), 
the mean number of passing fish during a time unit was multiplied by the total number of time units: 
                                                                                                        (Nelson, 2006)
 It should be noted that this was the estimated value as indicated by , not the true value. Thus 
a sample variance (s2) can be calculated: 
                                                                                                        (Nelson, 2006)
This equation shows the mean fish run per time interval was subtracted from each observation. 
The squared differences of each sample were then summed up, before dividing by the number of 
observations (n) less than one. This was important because alewife migrational habits were sensitive to 
water temperature, velocity of water in fish ladder, reproductive and energy state of fish, etc (Nelson, 
2006).  
2.1.2 Monthly monitoring program
 A total of eight sampling sites were chosen within the Nequasset Watershed (Figure 2.1).  
The four river inlets were coincidently all located at the eastern side of the lake: Nequasset Brook 
(NB), Northeast Inlet (NI), George’s Brook (GB), and Sucker Brook (SB). Two sampling sites were 
located at the deepest part of Nequasset Lake, one above the thermocline, Deep Hole Surface (DHS) 
and one below, Deep Hole Deep (DHD). Two more were located at the top of the Nequasset Dam 
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Northeast Inlet (NI)
Nequasset Brook (NB)
Sucker Brook (SB)
George’s Brook (GB)
Nequasset Dam (TD, BD)
Deep Hole (DHS, DHD)
Figure 2.1: Map of Nequasset Lake with labeled sample sites. 4 river inlets on the eastern margin 
of the lake are Nequasset Brook (NB–43° 58´09˝N, −69°46´24˝W), Northeast Inlet (NI–43° 
57´52˝N, −69°46´23˝W), George’s Brook (GB–43° 57´58˝N, −69°45´57˝W), and Sucker Brook 
(SB–43° 56´36˝N, −69°45´52˝W); 2 sites are located at the deepest part of the lake, above the 
thermocline (DHS–43° 57´07˝N, −69°46´13˝W), and below the thermocline (DHD); and 2 are 
located at the top of the dam (TD–43° 55´56˝N, −69°46´41˝W), and below (BD). 
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(TD) and below (BD). Each of these sites was sampled every 3 to 5 weeks from April to October.  
Sampling measurements at each site is shown in Table 2.1. 
 A suite of water quality parameters were measured using the Hydrolab multimeters, 
including temperature, dissolved oxygen (DO), specific conductivity (SpC), acidity (pH), and depth. 
The Hydrolabs were calibrated in SpC, pH, and %DO, prior to going into the field using standard 
solutions. Clarity of water was measured using the Secchi disk. The Secchi disk was lowered down 
into the water column and observed with a Hydroscope. Secchi depth was measured when the disk 
was at the limit of sight. The Secchi depth was taken at sites where clarity of water did not exceed the 
depth of streams. Therefore, only NB and DHS generated Secchi data.
 Stream channel morphology and flow rates were determined at each of these river inlets. At 
Nequasset Brook, the Old Stage Road Bridge was used to give a good constraint on the flow area. The 
distance between the surface of the bridge to the stream was measured at an one meter increment. 
The depth of the stream at each interval was then determined by subtracting from the distance 
between the bridge and the surface of the water. Flow rates were taken at each half–meter increments 
with the Global Waters flow meter.  Due to the difference in surface and at depth flow, a mean flow 
rate was calculated for each interval. A total discharge can then be calculated by multiplying flow 
rate to the area of flow. Similar methods were applied to Northeast Inlet, Sucker Brook, and George’s 
Brook. 
 Phytoplankton and zooplankton were collected only at DHS and DHD using a plankton 
tow with 30 in diameter opening and 147 micron nylon mesh.  Plankton samples were collected 
above and below the thermocline for comparison. At the higher water column, the plankton tow 
was lowered down into 3 meters and pulled up very slowly at a constant rate. This was repeated 
three times before removing the tow from water to transfer samples into an acid washed 125 mL 
Nalgene bottle. At the lower water column, plankton tow was lowered down into 3 meters below 
NB NI GB SB DHS, DHD TD, BD
HydroLab
Secchi Depth
Flow Rates
Water Samples
Plankton Tow
Table 2.1: List of measurement taken at each site. Sampling that occured are shaded in 
gray. Plankton samples were stored for future studies.
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the thermocline and the same process was performed. However, the plankton tow was removed from 
the water with a secondary line attached at the midsection collapse the nylon mesh. This process 
prevented collection of plankton samples higher up the water column.  Plankton samples were not 
analyzed for this study. 
 4 one–liter water samples were collected in plastic one–liter Nalgene bottles at all 8 sites. 
To ensure there was no contamination, all bottles were acid washed in 10% HCL prior going into 
the field. In the field, each bottle was rinsed three times with surface water before water was actually 
collected just below the surface. All water samples were stored in a cooler during the transportation 
back to Environmental Geochemistry Lab at Bates College. Samples were frozen immediately upon 
the return. 
2.1.3 Daily monitoring program
 Water samples were collected at the top of the Nequasset Dam by community volunteers 
from Kennebec Estuary Land Trust and Trout Unlimited early May to late June. From July through 
early September, water was collected every three days. Prior to collection, all bottles were washed in 
10% HCL acid bath. Volunteers were asked to filter collected water through 25mm 0.7 µm GF/F 
circle filters in the field and kept frozen at volunteer Pat Lewis’s house until pick–up. Samples were 
collected in 125 mL plastic amber bottles for TN and 15 mL scintillation vials for nutrients analyses. 
Samples were kept frozen and transported to Bowdoin College for nutrient analysis. 
2.2 Laboratory Method
2.2.1 Sample preparation
 Upon returning to the Environmental Geochemistry Lab in Bates College, all water samples 
were filtrated through Whatman 0.45 µm GF/F. These filters had been muffled at 400 0C for 4 
hours to prevent any possible contamination of organic matter. The filtration process was performed 
within 24 hrs of field sampling to prevent further releases of nutrients in collected water. All glassware 
used during isotopic analysis were soaked in 10% HCL acid bath for at least 4 hours. Samples were 
then stored in one–liter Nalgene bottles in a freezer until the day of NO3
− δ15N analysis. 3 one–liter 
samples were examined for nitrogen isotopic analysis in triplicates (Figure 2.2). Approximately 300 
mL of water sample was sent out to Anna Bourakovsky, John Lichter, and Philip Camill in Bowdoin 
College for nutrient analysis. The last liter was stored and used as a spare. Meanwhile, particulate 
organic matter (POM) collected on the filters was stored in centrifuge tubes labeled with the amount 
of water filtered according to each site. 3 filters from each site were stored in the freezer for future 
studies in chlorophyll analysis. 
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Field Collection
Water samples are collected in acid–washed 1 L Nalgene bottles. 
Samples filtered with Whatman 0.45µm GF/F 
within 24 hrs of collection. 3 Filters were kept 
for further chlorophyll a concentration.
Laboratory Preparation
Ammonia diffusion method ran in 
triplicate through the EA–C–IRMS.
Nutrient species analyzed 
on the Shimadzu 
TOC–V and the 
SmartChem automated 
spectrophotometer.
Statistical analysis to test significant 
differences in δ15N in water NO3−.
Figure 2.2: Field and laboratory preparation of water samples. 
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2.2.2 TDN and Nutrients
 Total dissolve nitrogen (TDN) was measured on a Shimadzu TOC–V analyzer at Bowdoin 
College. Samples were run through high temperature combustion, where TDN is then detected 
using wet oxidation/non–dispersive infrared detector (NDIR) (Bourakovsky, 2012; personal 
communication). 
 Nutrient concentration in water samples were measured on the SmartChem automated 
spectrophotometer at Bowdoin College (Table 2.2). NO3
−, NH4
+, and PO4
3- were measured 
through colorimetric analysis, using methods EPA 353.2, Standard Methods 4500–NH3, EPA 
365.1, respectively. The limits of detection were 0.004 ppm for NO3
−, and 0.005 ppm for NH4
+ 
(Bourakovsky, 2012; personal communication). 
2.2.3 Nitrogen Isotope Analysis using IRMS
 Water NO3
− was analyzed for its isotopic composition. All samples were analyzed on a 
Costech elemental analyzer interfaced to ThermoFinnigan Delta V Advantage stable isotope ratio 
mass spectrometer via combustion (EA–C–IRMS) located in the Environmental Geochemistry 
Laboratory at Bates College. A minimum of 0.8 µmoles of nitrogen was required to recover in order 
to get accurate δ15N values. All samples were measured along with standards of acetanilide, caffeine, 
and cod muscle to ensure proper running of the EA–C–IRMS. 
2.2.4 Ammonia diffusion method 
 Measuring δ15N of NO3− in natural water was adapted from Sigman et al. (1997) using the 
ammonia diffusion method of nitrate extraction. This method involves: (1) conversion of DON and 
NH4
+ to NH3 and sample concentration; (2) conversion of nitrate to ammonia during the presence of 
Devarda’s alloy; and (3) a gas–phase diffusion of ammonia onto an acidified glass fiber filter enclosed 
in two porous Teflon membranes (Figure 2.3). 
Nutrients NO3
- NH4
+
Methods EPA 353.2 Standard 
Methods 
4500– NH3
Limits of 
Detection (mg∙L-1)
0.004 0.005
Table 2.2: Nitrogen species analyzed on the SmartChem automated 
spectrophotometer. Each nutrient is indicated with methods used 
and limits of detection. 
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 All glassware, as mentioned above, were soaked in 10% HCL acid bath for at least 4 hours 
to ensure no contamination prior to the stable isotope analysis. First, water samples were transferred 
into one–liter Erlenmeyer flask and 300 mg of pre–muffled MgO per 100 mL of sample was added to 
adjust the pH to ~9.7 for each sample; this process converts all NH4
+ and DON into NH3. Samples 
were then preincubated at 65 0C until the final volume was about 300 mL. The preincubation step 
decomposes any labile DON to NH3, further removes any ammonium, and concentrates the sample 
volume through evaporation. If the sample was evaporated lower than 300 mL or entirely, ultra E–
pure water was added to reach 300 mL. 
 Second, samples were transferred to clear 500 mL incubation bottles and 15 g of pre–muffled 
salt was added to reach oceanic salinity (Holmes et al., 1998). During the preincubation step, which 
takes ~5 days, diffusion packets were constructed. Diffusion packets involve premuffled Whatman 1 
cm GF/D filter disks that were acidified with 30 µL of 4 N H2SO4 (Sigman et al., 1997). A filter disk 
was then sealed between two folded porous Teflon membranes. 
 Third, to begin extraction, one diffusion packet and 75 mg of Devarda’s alloy per 100 mL of 
initial sample volume were added into the concentrated samples. The cap was immediately sealed to 
prevent any escape of NH3 gas because in the presence of Devarda’s alloy, NO3
− was reduced to NH3. 
Samples in sealed bottles were then placed in an incubator with 60 rpm at 65 0C for 11 days. Nitrate 
reduction and ammonia diffusion were facilitated during the incubation process. 
 After 11 days, diffusion packets were taken out of the water sample and dipped in 10% 
HCL and E–pure water to remove trace amounts of ammonia.  They were stored in a desiccator with 
a beaker of concentrated sulfuric acid for 24 hours to dry. Finally, filter disk were taken out of the 
Teflon membrane and transferred into a tin cup for immediate isotopic analysis on the EA–C–IRMS. 
2.2.5 Standards
 5 blanks and 18 NO3
− standard solutions of various concentrations were analyzed throughout 
the summer and fall. NaNO3 salt was used to make standard solution with concentration of 0.1, 
0.25, 0.5, 1.0, and 2.0 ppm. The 5 blanks were made with E–pure water without the presence of 
NaNO3 salt. Each set of standard solutions were run through the ammonia diffusion process in 
triplicate on the EA–C–IRMS. The purpose of this process is to validate and determine the limits 
of the ammonia diffusion method. Furthermore, the results from this process could help create a 
correction factor, to account for any contamination from the Devarda’s alloy, thus determining the 
true δ15N of water NO3−. 
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2.2.6 Statistical analysis
 The Kruskal–Wallis nonparametric procedure was used to test for any significant difference in 
δ15N of NO3− through time at each site. This test is the nonparametric analog of a Model I ANOVA. 
This test provides 2 assumptions: (1) Independent random samples are drawn from a continuous 
population, and (2) the null hypothesis is that all samples drawn from the same populations are 
identical (Glover and Mitchell, 2002). Therefore, the null hypothesis (H0) for Nequasset Lake is that 
there is no significant change in δ15N through time. The test statistic provides an H–value which 
measures the dispersion of the sample mean ranks from the grand mean rank. The H0 is rejected in 
the decision rule when the H–value exceeds the value provided in Glover and Mitchell’s Table C.5 
(2002) at a given confidence level (α=0.90). 
2.2.7 Land use ArcGIS analysis 
 Land cover data was compiled by the Department of Commerce (DOC), National Oceanic 
Atmospheric Administration (NOAA), National Ocean Service (NOS), and Coastal Services 
Center (CSC). Landsat images were taken in 2006 and were published 2008. The 2006 land cover 
downloaded from NOAA is currently the most up–to–date data set available to the public. 
2.2.8 Modeling nutrient budget
 STELLA 9.1.4 was used to model nutrient dynamics in Nequasset Lake (Figure 2.4). The 
Euler’s Method was used on the STELLA modeling software. The system is modeled for 40 days, 
starting from the onset of alewife migration. The algorithm in Euler’s method used the computed 
values for flows (inputs and outputs of nitrogen) to provide an estimate for the changes in the 
corresponding stocks (Nequasset Lake) over the interval delta time (DT). A DT of 0.25 was chosen, as 
recommended by isee Systems, developers of the STELLA software. DT is defined by the frequency 
at which calculations are made. Generally, lower DT provides a higher resolution in system dynamics. 
Further reading on the integration of DT and the Euler’s Method can be found on the isee System’s 
internet blog. In the Nequasset Lake model, DT of 0.25 over the course of 40 days modeled means 
that calculation is made every 6 hours (a quarter of the day). Inputs of TDN include alewife loading, 
precipitation, and river influx (Figure 2.4). Meanwhile, outputs only accounted sedimentation rate 
and overflow at Nequasset Dam.
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2.2.9 Nitrogen inputs and outputs
 Nutrient fluxes of SB, NB, and GB are modeled as graphical functions (Figure). 3 flux data 
were extrapolated throughout the migration period. Precipitation input was derived from amount 
of precipitation in volume, which was a graphical function, multiply by the TDN concentration 
(853 mg∙m−3) of rain in Ontario, Canada (Parker et al., 2009). Modeling of MDN was based on 
parameters of previous studies (Durbin, 1979; Macavoy, 2009; Post and Walters, 2009). Excretion 
was composed of the number of alewives and excretion rate. To model the amount of alewives present 
in Nequasset Lake, a  “fish decay” was applied to the accumulating run size to mimic emigrating 
fish. The decay was applied on the first day of sighting of emigrating fish. The decay was then 
arbitrarily double over the course of 2 weeks until all of the alewife in Nequasset Lake had emigrated. 
Carcass loading was governed by daily run size, moratlity rate, and nitrogen content per carcass. 
The combination of excretion and carcass loading was considered the sources of MDN. Outputs of 
nitrogen at Nequasset Lake was modeled for dam overflow and sedimentation. Nutrient output at 
Nequasset Dam was calculated the same way as river flux. Sedimentation rate was obtained from the 
2011 dataset.
Total Streams
Area of lake
Volume Input
Precipitation
~
Nequasset Lake
Precipitation Input
LY carcass LY excretion
Sedimentation
SB
~
NB
~
Output at Nequsset Dam
Mean Precip Con
Ladder Flux
~
Dam Flux
~
Moratality Rate
Daily Fish Run
~
Nutrient from Carcass
Alewives Present in Lake
~
GB
~
Excretion Rate
Figure 2.4: Schematic of the nitrogen cycling model created on STELLA. 
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Chapter 3: Results
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3.1 Nequasset Watershed characteristics
3.1.1 Land use
 Land cover analysis performed on ArcGIS suggests the majority of the land within Nequasset 
Watershed is forested (80.1%) (Figure 3.1). This includes the category of deciduous, evergreen, and 
mixed forests, which suggests the majority of Nequasset watershed remains undeveloped.  Palustrine 
and estuarine wetlands covers 7.2% of the watershed, and is the second most dominant land cover 
(Figure 3.1). Nequasset Lake has an area of 1.9 km2 and holds about 4% of the watershed (MDIFW, 
2010). Other land cover (3.57%) includes shrub, unconsolidated shore, and bare land. Human 
development in Nequasset watershed is less prominent, as the majority of the population resides in 
Bath, which is not included within the drainage area. Livestock farmlands comprise 3.4% of the land 
use. 1.3% is attributed to urban development which includes residential, commercial, transportation, 
and industrial areas. Only less than 1% of Nequasset Watershed is comprised of cultivated crops.  
  NB and NI on the northern end of the lake receive most of developed land, since the 
drainage area takes up approximately 70% of the watershed. Several farmlands can be identified along 
NB that, which may be point sources of fertilizers and runoffs. Meanwhile, SB and GB run across 
U.S. Route 1 on the southern end of the watershed, where runoff from storm drainage and road salt 
may have an impact on Nequasset Lake water quality.  
3.1.2 Nequasset Lake  
 Nequasset Lake is located at 43.93125 N 69.77838 W experiences a full range of weather pattern 
on an annual basis (Figure 3.2). The maximum and minimum air temperature during 2012 was 40.5, 
and −16.7 oC, respectively. The total precipitation for 2012 was 1150 mm. A wet season starts May 
through July. The two largest rain events occurred on 4/23 and 6/3 when precipitation accumulated 
to be 64.5 and 152.4 mm, respectively; both of these dates are within the study period. 
 Field monitoring of water quality initiated mid–April right before the onset of the summer 
season when mean air temperature was 7.4 oC (Figure 3.3a). The temperature profile for Nequasset 
Lake already saw an onset of stratification on 4/18 when the differences in water temperature in 
epilimnion and hypolimnion is approximately 5 Co, with the thermocline located at about 7 meters 
of depth. As sampling continues into the midsummer, from May through August, the water column 
increases in stratification. The difference in temperature from the epilimnion to hypolimnion 
increased to approximately 9 Co in June, and 16 Co in July and August. The thermocline is also raised 
to about 5 meters of depth during midsummer. Stratification of Nequasset Lake is expected as warm 
air temperature during the summer causes the water body in the epilimnion to warm while water in 
the hypolimnion stays relatively the same at around 9 Co. During the last day of sampling in October, 
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Figure 3.1: Land use analysis of Nequasset Watershed. Note majority of land cover (80%) is forested. 
Less than 6% is attributed to urban development, cultivated crops, and livestock farms. 
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Figure 3.3: Temperature profile (a) and DO (b) of Nequasset Lake. Stratification occured prior to 
the onset of study and continued to develop over the course of season. Thermocline is generally 
located at approximately 5 m of depth. DO profile shows well-oxygenated water during the 
summer months. Anoxic water begin to develop during August and October. 
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overturn of water column occurs as the colder epilimnion water becomes denser and sinks to mix 
with hypolimnion water. 
 Dissolved oxygen (DO) profile at Nequasset Lake shows well–oxygenated water during 
the month of April, standing at about 11 mg∙L−1 throughout the water column (Figure 3.3b). DO 
profile for the months of May, June, and early July also shows aerobic waters with DO ranges from 
6 to 9 mg∙L−1. As the summer progresses into July and August, the water column becomes more 
stratified and anoxic, especially at around 5 meters of depth. The pocket of anoxic water continues to 
sink to about 13m of depth on 10/17. Water sample analysis lasted only until early July, before the 
development of anoxic waters.  Further HydroLab data can be found in Appendix A.
3.2 The 2012 alewife migration
 Counting of migrating alewives lasted from April through early June. The first alewives 
were sighted on 5/6 with numbers peaking from mid–May to early June. It should be noted that 
the counting surveys did not last through the entire alewife migration. On the last day of the count 
6/12, an estimated 400 alewife migrated up Nequasset Dam (Appendix B). Thus the total run size 
for the summer of 2012 is a considerably conservative estimate. The number of anadromous alewives 
returning to Nequasset Lake to spawn ranges from 14886 to 18978 fish. 
 Historical alewife run size is available in the form of catch in bushel recorded by alewife 
harvesters at Nequasset Dam (Figure 3.4). Numbers of alewives are calculated from bushel caught 
when one bushel is approximately 120 fish. Harvesting of alewives steadily rose during the 1960’s 
and 1970’s when the maximum known harvest was 53000 in 1981. After that year, fewer alewives 
were being harvested until the 1990’s when harvest was well below 10000 fish. Number of harvest 
was slightly restored during the 2000’s when the number of catch ranges between 10000 and 20000 
alewives. 
Figure 3.4: Records of alewives harvested (Bath Water 
District, 2012)
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3.3 Water chemistry 
3.3.1 Nequasset Dam
 Daily TDN concentrations at the top of dam (TD) are plotted against the number of fish 
counted per day (Figure 3.5a).  This site is located at the fish ladder and is expected to see an initial 
signal of increase of nutrient loading by migrating alewives. No correlation is observed between daily 
run size and TDN concentration (R2<1). Continuous monitoring at TD missed the first week of fish 
migration. Therefore, a baseline of TDN was not obtained prior to the fish run. However, a baseline 
of 0.27 mg∙L−1 is examined from the period of June through September, which is after the fish 
spawning season. Furthermore, a clear increase in TDN can be observed during the spawning season. 
NO3
− concentration at TD generally does not exceed 0.05 mg∙L−1 (Figure 3.6). Meanwhile, NH4
+ 
concentration shows a spike in mid–May (0.19 mg∙L−1)  
3.3.2 Nequasset Lake and adjacent streams
 Nutrient concentrations are analyzed from collected water samples at Nequasset Lake and 
each of the river inlets. Total dissolved nitrogen (TDN) at Nequasset Lake stays relatively constant 
around 0.2 mg∙L−1 from May to July (Figure 3.5b).  However, a spike occurred on 4/25 with a 
concentration of 0.35 and 0.25 mg∙L−1 at DHD and DHS, respectively. Generally, concentration 
of TDN at the hypolimnion (DHD) is consistently higher than the epilimnion (DHS). TDN 
concentration suggests Nequasset Lake is an oligo–mesotrophic lake (Wetzel, 2001). 
 TDN at individual streams (NB, NI, GB, and SB) shows consistent similarities throughout 
the season (Figure 3.5c).  However, NB at had a very high concentration of TDN (2.1mg∙L−1) at the 
beginning of the study (4/18). This might indicate the presence of a significant source of TDN with 
the upper reaches of the watershed, early in the spring. Between 4/25 and 6/20, TDN concentrations 
in the inlet streams are relatively consistent and values between 0.20 and 0.35, with a slight peak in 
5/31, perhaps indicating MDN.  Between 6/20 and 8/19 the TDN concentration increased in all 
inlet streams, which may derive from anthropogenic sources of N. Also, the increase in TDN may be 
the results of aridification, when temperature reaches above 20 oC and precipitation events become 
less frequent. The two highest TDN concentrations in August were seen at SB and GB, which was 
0.84 and 0.63 mg∙L−1, respectively.  
 NO2
− and NO3
− are analyzed and graphed as one (Figure 3.7). NO2
− and NO3
− concentration 
at the surface of the lake shows a continuous decrease starting 4/18 before stabilizing at approximately 
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Figure 3.5: Total dissolved nitrogen (TDN) at (a) Top of the Dam (TD) plotted against daily fish 
run; (b) Deep Hole Surface (DHS) and Deep Hole Deep (DHD); and (c) Nequasset Brook 
(NB), Northeast Inlet (NI), George’s Brook (GB), Sucker Brook (SB). Fish migration is shaded 
yellow.
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Figure 3.6: NO3
- and NH4
+ plotted against daily fish run at TD. Note the major increase in NH4
+ 
concentration on 5/18, same increase in TDN. Baseline concentration of NO3
- and NH4
+ is 
around 0.02 mg∙L−1.
Figure 3.7: (a) NO3
- concentration at DHS and DHD and (b) NH4
+ concentration at DHS DHD. 
(c) NO3
- concentration of the inlet streams and (d) NH4
+ concentration of the inlet streams. 
Note the general inverse relationship between the two nitrogen species.
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0.01 mg∙L−1 (Figure 3.7a). The maximum concentration of 0.07 mg∙L−1 is seen on 4/18. Meanwhile, 
the peak in NO2
− + NO3
− concentration at depth occurs on 4/26 at 0.15 mg∙L−1. On the same date, 
the difference of 0.11 mg∙L−1 between DHS and DHD is significant. NO3
− concentration at depth 
(DHD) is consistently lower than at the surface (DHS) for the remaining dates. NH4
+ shows an 
overall opposite trend in Figure 3.7b.  NH4
+ concentration throughout the water column does not 
show significant shift until 5/31 when DHD reached a peak of 0.09 mg∙L−1. DHS sees a lagged peak 
on 6/14 when NH4
+ significantly increased to 0.20 mg∙L−1. 
               During the first peak seen in TDN (4/26), NO2
− + NO3
− is the highest at NB and NI with 
concentration of 0.16 and 0.14 mg∙L−1, respectively (Figure 3.7c). The eastern two streams (GB and 
SB) do not see a significant difference in NO3
− comparing to lake surface water (DHS).  The second 
peak seen in on 5/31 in TDN only appears at the NB site for NO3
−. On the same date, other sites do 
not see the same increase. Again, GB and SB have relatively high NO3
− starting from June. SB and 
GB saw an increase in NO2
− + NO3
− in August, while the other sites stayed relatively constant. NH4
+ 
shows two major increases during May for NB and June for SB (Figure 3.7d). NH4
+ content reached 
a maximum of 0.06 mg∙L−1 for NB and 0.13 mg∙L−1 for SB. Again, an opposite trend of NO2
− + 
NO3
− and NH4
+ is seen at each of the streams, when an increase in NH4
+ results in decrease in NO2
− + 
NO3
−. Further nutrient data can be found in Appendix C.
 A timeseries of changes in TDN concentration shows higher inputs at the northern streams, 
NB and NI, during the begining of the study. Towards the month August, TDN concentration 
increases at all of the inlet streams. 
3.4 Nutrient loading
3.4.1 Alewife excretion and carcass
 Nitrogen loading via excretion and carcasses from anadromous alewives is calculated by the 
models adapted from Durbin et al. (1979) and Walters et al, (2009). Set parameters, such as excretion 
rate and mortality rate, are established from previous literatures obtained from field samples and 
microcosm experiments (Appendix D). 
 A mean of 16932 alewives was used to calculate nutrient loading. During the 2012 
migration, anadromous alewives contributed 70000 g of nitrogen, which accounts to 5.4 mg N∙m−3 
in Nequasset Lake (Table 3.1). Furthermore, out of the total estimated inputs of nitrogen, 47% 
derives from fish excretion, and 53% is from decomposition of carcasses. Although daily nutrient 
loading is largely depended on the migration population, the mean daily input per volume is 0.135 
mg N∙m−3. 
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3.4.2 River Fluxes
 Flow rates were only detectable on 5/11, 5/31, 6/14 at NB, GB, and SB (Table 3.2). This 
coincides with the major precipitation events occurring during the “wet” season. Nutrient flux is 
calculated for each stream from discharge and nutrient concentration. 5/11 presented the highest 
TDN concentration and discharge rate thus higher influx. NB contributes 40 – 1000 mg∙sec−1 of 
TDN, GB contributes 4 – 100 mg∙sec−1, and SB contributes 65 – 260 mg∙sec−1 during the month of 
May and June.  Flow rate at NI was below the limits of detection thus no nutrient flux was calculated.
3.5 Validation of the nitrate extraction 
method
 Solid NaNO3 salt was analyzed on the EA–C–IRMS for the δ15N value (+7.78± 0.19‰). 
The calibration curve shows the amount nitrogen recovered plotted against the δ15N of blanks and 
standards (Figure 3.9). Standards with less than 8.0 µmoles of nitrogen (R2=0.89) appear to have 
significant contamination from the presence of Devarda’s alloy. Standards between 8.0 and 30.0 
µmoles of nitrogen (R2=0.91) shows slight contamination and underwent minimal fractionations. 
This asserts that a calibration for the measured δ15N is needed, using the measured δ15N (−2.63‰) 
of the blank. Also, analysis of the standards curve suggests that for every g of Devarda’s alloy, 0.17 N 
mmoles is contributed to the sample. Ultimately the δ15Nactual value of the NO3− in water sample can 
be calculated using the 2 end–member mixing model (Appendix E).
Nitrogen
Excretion inputs (g) 33708.2
Carcass inputs (g) 37832.9
Total estimated input (g) 71541.1
Volume inputs (mg∙m−3) 5.4
Mean daily input (g) 1788.5
Mean daily volume input (mg∙m−3) 0.135
Table 3.1: Nutrient loading from 
anadromous alewives from excretion 
and carcasses. Generally calculations 
from set parameters (Appendix) shows 
approximately 50% of loading is from 
exretion and carcass. Volume inputs is 
calculated from total inputs/lake volume.
Nequasset Brook (NB) George’s Brook (GB) Sucker Brook (SB)
5/11 5/31 6/14 5/11 5/31 6/14 5/11 5/31 6/14
Measured discharge (m3/s) 6.00 4.26 2.85 0.42 0.01 0.12 0.98 0.17 0.20
TDN flux (mg/s) 1826.90 1611.25 726.07 106.12 3.84 46.86 262.20 67.33 65.69
NH4
+ flux (mg/s) 382.43 267.90 74.43 6.92 0.10 1.81 8.74 22.11 26.82
NO3
- flux (mg/s) 306.78 253.20 76.43 10.74 0.10 1.43 45.91 4.72 6.70
Table 3.2: Nutrient flux at 3 of the inlet stream. NB presented the most nutrient input relative to 
GB and SB. 
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3.6 δ15NNO3−
 of Nequasset waters
 All water samples was analyzed to have less than 8.0 µmoles, thus, 2 end–member mixing 
model is applied to all measured δ15N of NO3−. Anadromous alewife have a δ15N signature of 
12.8±0.8 ‰ (Kendal, 2008). At Nequasset Lake, NO3
− δ15N values vary through time at each of the 
sites (Appendix F). The Kruskal–Wallis tested that several sites in fact has significant change in δ15N 
throughout the season (Table 3.3). Significant shift in δ15N of water sample can be seen at DHS, NB, 
GB, and TD. However, changes in δ15N may not coincide with peak alewife migration, because the 
statistical test does not specify when the significant change occurs. NO3
− δ15N values of remaining 
sites can be found in Appendix F. 
y=0.0728x+7.0947
R2=0.9123
y=5.5691ln(x)-3.7521
R2=0.8858
Figure 3.9: Nitrogen recovery plotted against δ15N of standard NO3-. At lower recoveries (<8.0 ‰), 
significant fractionation and contamination from Devarda’s alloy does occur. It is best described 
by a logarithmic relationship (R2=0.89). At higher reoveries, linear regreesion best describe the 
relationship (R2=0.91). Note the δ15N NaNO3 salt is +7.78± 0.19‰.
δ1
5 N
 o
f s
ta
nd
ar
d 
N
O
3-
 (‰
 v
s. 
ai
r)
N recovery (µmoles)
DHS DHD NB NI GB SB TD
Adjusted H–values 9.792 1.234 12.734 4.133 9.725 7.033 10.233
Degrees of freedom 5 5 5 4 5 4 4
P–values 0.081 0.942 0.026 0.388 0.083 0.134 0.037
Table 3.3: Results of the Kruskal–Wallis test showing the adjusted H–values. The 
H0 is rejected in the decision rule when the H-value exceeds the value provided 
in Glover and Mitchell’s Table C.5 (2002) at a given confidence level (α=0.90). 
Significant changes (shaded) are seen at DHS, NB, GB, and TD. 
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Figure 3.10: δ15N of sample NO3-. Kruskal-Wallis test shows significant changea in δ15N values 
through time at (a) Deep Hole Surface (DHS); (b) the inlet streams of Nequasset Brook (NB) 
and George’s Brook; and (c) Top of Nequasset Dam (TD). The only evidence of MDN is seen 
at TD, with an enrichment of 1.63‰ throughout the migration period (shaded). Enrichment 
at DHS during the onset of migration does not show convincing enrichment in δ15N of sample 
NO3
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 The NO3
− δ15N of Nequasset Lake water (DHS) shows a pre– fish run value of approximately 
−2 ‰ (Figure 3.10a). During the migration period, water samples show a depleted signal (−5‰ on 
5/31). Enrichment at DHS does not occur until 7/02 when δ15N value was +2.68 ‰. As for the 
two streams NB and GB that showed a significant shift, δ15N is highly variable and no enrichment is 
seen with peak migration (Figure 3.10b). At NB, δ15N enrichment occurs on 4/28 (+1.67 ‰) before 
returning to a more depleted signal at around 0‰. GB was slightly enriched on 4/28 (0.28‰). After 
April, the isotopic signal at all streams was generally depleted in δ15N. GB becomes the most depleted 
on 5/11 with a δ15N value of −4.35‰. NI δ15N signal shows a continuous depletion from April to 
May before returning an enrichment of −2 ‰ in June.
  Isotopic time series at the top of fish ladder (TD) shows a 1.32‰ enrichment in δ15N on 
5/11 and 1.63 ‰ enrichment by 5/31 (Figure 3.10c). This enrichment in NO3
− δ15N perfectly 
coincides with the peak alewife migration. After the migration period, δ15N returns to pre– fish run 
value of −0.83 ‰. Another enrichment, along with all other sites, is seen during June when δ15N 
value reaches +2.35 ‰. Figure 11 shows the timeseries of NO3
− δ15N from April to June. 
3.7 Nitrogen Budget 
3.7.1 The 2012 Model
 Nitrogen budget is modeled to account for marine–derived nitrogen loading through 
migrating alewives in Nequasset Lake (Appendix G). Input of nitrogen includes precipitation, 
stream influx, and anadromous alewives. Majority of output in nitrogen is locating at the porepoint 
of Nequasset Watershed, the Nequasset Dam. Sedimentation rate (5657g N∙day-1) at Nequasset 
Lake, calculated from 2011 data, is applied to the 2012 model. A total of 25 000 kg was imported 
into Nequasset Lake, while the total output was 21 000 kg. A total of 318.7 kg is modeled to have 
imported by anadromous alewives(Table 3.4). The modeled MDN is signicantly larger than the 
calculated amount (70kg N). Contrary to smaller stream setting, more nutrient loading is from 
carcasses (64%) rather than excretion (36%). The amount of nitrogen loaded is only 1.3% of the total 
nitrogen input, whereas precipitation and stream influx takes 9.2 and 89.5%, respectively. 
 It is clear that the 2012 alewife nutrient loading is not a major driver in the nitrogen 
dynamics of Nequasset Lake (Figure 3.12). Two major increase of nitrogen concentration in the lake 
is modeled on 5/19 and 6/6. Both show similar trends of low output previous to the peak, resulting 
in an accumulation of loading from rivers and precipitation. Overall, there is a general increase in 
nitrogen during May and parts of June. At the end of the model, TDN reached a concentration of 
0.27 mg∙L−1. 
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N sources Total N (kg) % Input
MDN 318.7 1.3
Precipitation 2281.0 9.7
River influx 22172.4 89
Output 21917.9 Table 3.4: Inputs and outputs of nitrogen in Nequasset Lake.
3.7.2 The 1985 Models 
 Nitrogen budget is also modeled for 1958’s projected run size (Figure 3.13). Scenario A is 
projected to show a run size of 127 000 fish in the presence of harvesters. Meanwhile, Scenario B 
is projected to show a run size of 1 126 000 fish without the presence of harvesters. Two nitrogen 
budgets is modeled based upon these run sizes. The percentage of MDN contributed to Nequasset 
Lake increased to 7.6 and 67%, with scenario A and B, respectively. 
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Figure 3.12: (a) the modeled inputs and outputs of nitrogen in Nequasset Lake. Parameters for 
MDN loading is adapted form Durbin et al. (1979), Post and Walters (2009) and Walters et al. 
(2009). (b) Nutrient concentration of Nequasset Lake during the migration period. 3 measured 
concentrations are plotted for 5/11/12, 5/31/12, and 6/14/12. Notice the two large peak in 
nitrogen concentration is largely unaffected by MDN. 
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Figure 3.13: Projected TDN of the 1958 alewife run. Note all parameters for inputs and outputs 
are assumed to unchange. Alewife run is estimated from harvest records for Scenario A, when 
harvesting did occur (127 000); and Scenario B, when harvesting did not occur (1 126 000). 
The 2012 run size is approximately 17 000 alewives. If run size exceed one million, MDN can 
contribute more than 60% of total nitrogen inputs. This would exceed the EPA-recommended 
concentration of total nitrogen (TN) of 0.32 mg∙L−1. However, it is unlikely for run size to 
increase by 2 orders of magnitude if harvesting persists. 
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Chapter 4: Discussion
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4.1 Alewife migration and population 
 The spawning period seen at Nequasset Lake in 2012 started on 5/6, when the first large 
school of alewives migrated up the Nequasset Fish Ladder. Previously recorded smaller run size of 1 or 
2 count is ignored. Fish count surveys lasted until 6/3, when 400 fish was estimated to have migrated 
up stream. Therefore, the exact end time of migration period is unknown. It is assumed that alewife 
migration did not last more than a week after the last survey. Duration of migration is then estimated 
to last for 35 days. 
 The 2012 fish count is the first and only survey that has occurred at Nequasset Dam, thus 
it is unclear whether the 2012 alewife population (17 000) has changed over time. However, harvest 
records are available since 1958, which may be a proxy for past run size (Figure 3.4). The known 
harvest in bushels has been recorded to drastically decline at the onset of 1900’s. This may reflect the 
decline in alewife population as well, despite the presence of the fish ladder since 1788 (KELT 2012). 
The decline may be attributed to either malfunction of the fish ladder, or unsustainable harvesting. 
During the 30–year period of 1958 to 1988, the average known harvest was 270 000 alewives (Figure 
3.4). For the next 20 years, the mean harvest decreased by 20% (50 000 fish). This number was 
slightly restored to about 120 000 at the onset of 2000’s.  
 The decline in alewife numbers is also examined in other coastal Atlantic ecosystem. In 
Bride Brook, CT, historical run size was estimated to be approximately 180 000 during the 1960’s 
(Walters et al., 2009) which resulted in an input of 3000g of nitrogen. This estimate was 3 times 
higher the present day loading value. The concern in the decline of nutrient loading in Bride Brook 
is less obvious, compared to Nequasset Lake, due to some major differences in the ecosystems: (1) 
Bride Brook is significantly smaller in size, 28.7 ha (West et al., 2010); (2) it is naturally–mesotrophic 
and is in the presence of anthropogenic eutrophication (West et al., 2010); and (3) excretion loading 
significantly overweighs carcass loading in small river systems (Durbin et al., 1979; Walters et al., 
2009). 
4.2 Nutrient dynamics 
4.2.1 Baseline: pre–alewife migration 
 Samples collected on 4/18 and 4/25 are considered prior to the onset of alewife migration 
and will be regarded as the pre–fish run phase here after. Temperature profile of Nequasset Lake 
indicates stratification on 4/18 had begun prior to the onset of study (Figure 3.3a). This would 
suggest the differences in TDN concentration between the epilimnion and hyoplimnion. DHS and 
DHD in Nequasset Lake saw the most significant increase in TDN on 4/25 (Figure 3.5b).  This 
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indicates nutrient loading must derive from sources other than alewives. 
 Majority of TDN at depth on 4/25 is in the form of NO3
−, which shows an increase of 0.06 
mg∙L−1, while NH4
+ stays relatively unchanged (Figure 3.6a). The significant increase in TDN is also 
observed at NB and NI on 4/18 (Figure 3.5c). TDN analyzed at these two inlet streams are also 
predominantly in the form of NO3
−. Presumably, anthropogenic sources from the northern reaches 
of the watershed may input measurable amounts of nitrogen to Nequasset Lake. The sudden increase 
in nitrogen content in NB and NI on 4/25 is associated with the continuous warming event from 0 
oC to 13 oC during the onset of April and the second most significant precipitation event on 4/23/12 
(Figure 3.2). The warming event during this time is able to melt porewater from soils frozen during 
the winter season. Precipitation then mobilizes porewater, percolating deeper into the groundwater 
as it flushes into Nequasset Lake. The eastern streams of GB and SD do not experience as large of an 
increase of TDN because the drainage area is relatively smaller in scale (Figure 3.1), whereas NB and 
NI receives more than 70% of the drainage area. Furthermore, according to land use analysis suggests 
anthropogenic sources of NO3
− can be distributed from fertilizers, wastewater runoff, and etc. Sources 
of nitrogen inputs may be identified with δ15N analysis. 
 TDN concentrations suggest Nequasset Lake is an oligo–mesotrophic lake according to 
the classification from Wetzel (2001), despite MDEP’s trophic state assessment as mesotrophic. As 
referenced in the Introduction, NO3
− concentration is relatively low in the epilimnion and increases 
further down the water column in a stratified oligo–mesotrophic lake. Nequasset Lake shows similar 
trends (Figure 3.7b). Without the presence of alewives, NH4
+ is quickly assimilated by phytoplankton 
in the unproductive lake. 
4.2.2 Nutrient Loading
 Daily sampling at TD shows a profound relationship between daily fish run and TDN 
(Figure 3.6). Although TDN is not analyzed before the onset of migration, the baseline concentration 
is known from samples taken after the migration. The lack of statistical correlation (R2<1) between 
daily fish run and TDN is due to the nature of the fish count survey. Fish counting only takes place 
during the day, missing the migrating alewives at night. TDN concentration may have incorporated 
MDN from the previous night ruins. Additionally, the fish count time block may have missed high 
migration density, because alewives tend to migrate in high density, schooling at the top of Nequasset 
Dam before entering the lake (Ames and Lichter, 2012). Therefore, TDN analysis may be more 
suggestive of the presence of MDN than the fish count by itself. 
 The TDN concentrations seen at the all 4 streams suggest a slight increase between the 
sampling dates of 5/11 and 5/31. The most noticeable increase can be found at GB and SB with 
an increase of 0.19 and 0.12 mg∙L−1, respectively (Figure 3.5c). GB is unlikely to have received 
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anadromous alewives due to the morphology of the stream (C. Chiao, personal observation). Located 
with a private property, morphology of GB is deliberately altered with large stacks of flatten rock to 
provide lawn space (Figure 4.1). Thus flow is slightly restricted further upstream.  While sampling 
of SB on 5/31, schools of alewives were observed at the shores of the river outlet, and in the shallow 
waters upstream. The increase in TDN at SB may be associated with the presence of alewives.  
Although NO3
− concentration saw a decrease, NH4
+ concentration increased by more than 10–fold 
(Figure 3.7b). By mid–June, NH4
+concentration continue to be relatively high at around 0.13 mg∙L−1. 
According to Post and Walters (2009), 70%–80%, of nitrogen excreted is in the form of NH4
+, which 
suggests the high increase in NH4
+while NO3
− is unaffected. It should also be noted that SB is the 
closest stream from Nequasset Dam fish ladder (Figure 2.1). It is clear that nutrient loading from 
migrating alewives is present in SB. NB also shows an increase in NH4
+ concentration during the 
migration. Although alewives are not observed, NB may provide good spawning grounds as it is the 
most prominent river inlet at Nequasset Watershed. 
 Changes in TDN in the lake (DHS and DHD) from May to August are not detected. In 
fact, TDN concentration of Nequasset Lake stayed relatively constant for the rest of the season. The 
two major DIN species for DHS and DHD presented slight changes, especially at the significant peak 
in NH4
+ in June. Two different mechanisms can be attributed to this increase: (1) N2 fixation in the 
presence of cyanobacteria with heterocysts, which are specialized cells that consists of a sole site for 
fixing nitrogen (Wetzel, 2001). This mechanism is supported by sufficient DO and light penetration, 
which are the two major requirements for cyanobacteria growth; (2) Both DHS and DHD may 
have received increased carcass loading from alewives during the end of the alewife migration. NH4
+ 
loading from excretion is immediately available for biotic uptake and is quickly removed from the 
water column (Post and Walters, 2009; Wetzel, 2001}}. However, decomposition of organic nitrogen 
from carcasses may take time, which may suggest the increase in later during the migration. Organic 
nitrogen is then made available into NH4
+ through the process of mineralization (Figure 3.7). 
 Generally, NO3
− shows a negative correlation 
against NH4
+ at all sites (Figure 3.7). The removal 
of NO3
− is least likely to be denitrification since no 
anoxic water is observed during the summer months 
(Figure 3.3b). Anoxic water is observed in August and 
Figure 4.1: Image of George’s Brook showing the 
artificial bank on the side of a private property. The 
purpose was to provide lawn space. The restriction of 
flow further up the bend does not provide a favorable 
spawning ground for anadromous alewives (photo 
taken by B. Johnson). 
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October; however, nutrient analysis was not conducted then. The pathway for a continuous decrease 
in NO3
− can be derived from the process of assimilation. The sudden impulse of NO3
− in April may 
promote primary productivity in the lake and without further supply of DIN, NO3
− continues to be 
assimilated in the oligotrophic lake. 
4.3 Stable Isotopes
4.3.1 Kruskal–Wallis test
 Kruskal–Wallis statistical test states that 4 out of 8 sites show significant change in δ15N 
over time. DHS, NB, GB, and TD are shown to have significant fractionation in the δ15N of water 
(Figure 3.9). Since the statistical analysis is unable to identify when changes occurs, it is important to 
closely examine δ15N values at each of these sites. Furthermore, it is suggested that a two–way analysis 
may presents different results because of the inclusion of spatial difference (W. Ambrose, personal 
communication). 
4.3.2 Tracing MDN
 The enrichment at DHS (+2.81 ‰) during the onset of alewife migration, cannot be 
attributed to MDN because the standard deviation on the 4/26 datum is too large (Figure 3.9a). This 
does not provide a strong evidence for MDN. Furthermore, δ15N shows a depleted signal during 
the migration, which contradicts an expected enriched δ 15N signal with the arrival of MDN. The 
depletion seen during May (−4.46‰) is attributed to isotopic fractionation during the reduction of 
NO3
−  to NH4
+ in the presence of heterotrophic bacteria (Wetzel, 2001). The process of reduction 
discriminates against light nitrogen, leaving a depleted signal in water NO3
−. This is also supported by 
increasing NH4
+ concentration and decreasing NO3
− concentration on the same date. 
 Both NB and GB show a depleted δ15N signal in water NO3− during the onset of alewife 
migration (Figure 3.9b). Thus these sites do not seem to provide evidence of MDN. Throughout the 
migration, NO3
− δ15N signal stays fairly consistent with δ15Nair (0‰) which may suggest the presence 
of the organic fertilizer. NB is the largest river inlet in Nequasset Watershed and is downstream of 
several farmlands according to the 2006 land cover map.  Meanwhile, GB saw an enrichment of 
+2.47 ‰ in late May. Again, the large standard deviation for that date does not provide reliable 
evidence for the presence of MDN. As discussed above, the morphology of GB is unlikely to provide 
favorable spawning grounds for anadromous alewives.
 Only TD shows a consistent enrichment during the onset, and throughout, the migration 
period (Figure 3.9c). δ15N of water NO3− saw an enrichment of +1.32‰ on 5/11 and +1.63 ‰ 
enrichment by 5/31. This closely correlates to Walters et al.’s (2009) finding of enrichment in the 
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periphyton δ15N (+1.5‰). Furthermore, the enriched signal is preserved throughout the migration 
period which is also seen in Bride Brook, CT (Walters et al., 2009). The presence of MDN at TD 
is unequivocal, supported by increase of TDN and enrichment of δ15N in water NO3. Alewives are 
observe to school in the hundreds before migrating further upstream, therefore, a strong indication 
of MDN is expected. Such migrating habit is also observed at other streams and lakes (Ames and 
Lichter, 2012). 
 NO3
− δ15N at all of the sites in July observed an enrichment (+4.21‰) seen at all sites. 
Aridification during August does not explain the process of enrichment because no heavy or light 
nitrogen is discriminated against. It is unknown what the nutrient trends are in July since no nutrient 
analysis was conducted for any of the sites. Furthermore, enrichment does not coincide with gametes 
and juveniles growth time, because incubation of fertilized eggs only takes about 3–5 days; while 
larvae form schools about 2 weeks post–hatching (Collette et al., 2002) Both of these time scale 
takes place before July. Two mechanisms could drive changes in the nitrogen isotopic signal. First 
of all, the input of organic fertilizers along the watershed may input more heavy nitrogen. Organic 
fertilizers, often derived from animal wastes, possess an enriched signal relatively to their diet. This 
is mainly due to excretion of 14N in urine or its equivalence (Kendall, 1998). Organic fertilizers may 
be further fractionated during volatilization of 15N–depleted ammonia, resulting in oxidation of the 
residual waste, increasing δ15N in NO3−. Increase application of organic fertilizers and mobilization 
of animal wastes in Nequasset Watershed may occur during the summer season. Further study may 
be applicable to determine any anoxic zones during groundwater flow, which may further enrich the 
NO3
− δ15N. 
 Another driver that may cause enrichment of NO3
− is the process of assimilation (Fogel and 
Cifuentes, 1993). 14N is favored during assimilation which leaves the reactant water NO3
− more 
enriched. It is observed in previous studies that there is no significant difference in fractionation 
between NO2
−, NO3
−, and NH4
+.The fractionation factor (δ15N) for NH4+ assimilation by aquatic 
algae ranges from −27 to 0 ‰. Increasing application of organic fertilizers stimulates uptake of 
primary producers. Agricultural wastes, distinctive with heavy δ15N signal, may be incorporated into 
surface and groundwater flows, which eventually reach the reservoir of Nequasset Lake. Nutrients 
become more available in Nequasset Lake and the adjacent streams, thus promoting primary 
productivity. Ultimately, higher productivity in the lake results in higher assimilation rate. Further 
data on TDN concentration at each site in July would provide stronger evidence for assimilation. 
4.3.3 Short–comings
 Overall, nutrient concentration may suggest the presence of MDN at DHS, GB, SB, and 
TD; while NO3
− δ15N suggests MDN is only present at TD. The discrepancy between the two 
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indicators, nutrient concentrations and NO3
− δ15N, can be caused by several factors. First, alewife 
excretion in Nequasset waters is immediately available for uptake by microbes and primary producers. 
Nutrient excretion is particularly important in stream ecosystems, as observed by Durbin et al., 1979, 
Post and Walters 2009, and Walters et al., 2009. Comparing to lake ecosystems, streams are much 
smaller and fish schooling in high density during spawning migration may have a more profound 
impact than in lakes. 
 Second, carcass nutrient signal may not have been detected during our sampling dates. It 
takes 1 – 2 weeks for nutrients to leach from the carcass, after which it is often rapidly incorporated 
into organic nitrogen by primary producers (Walters et al., 2009). Previous studies have shown 
enrichment δ15N in local stream food webs during the presence of anadromous fish (Kline et al., 
1993; Walters et al., 2009). Therefore, investigating alewife’s effects on the local biota can help further 
understanding of the importance of MDN. 
 NH4
+ seems to be the major nitrogen species in play during MDN loading. It is unknown 
whether carcass nitrogen possesses more NO3
− or NH4
+. If carcass loading, like excretion nitrogen, is 
largely in the form of NH4
+, then analyzing δ15N of water NO3− may not be a viable method. Future 
studies can expand upon the δ15N analysis, investigating δ15N of NH4+ rather than NO3−. Clumped 
isotope analysis may also provide deeper insight into the study of MDN. 
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4.4 Nitrogen Cycling Models 
4.4.1 Model assumptions
 The models presented contain many assumptions because many biogeochemical factors can 
affect nitrogen cycling in Nequasset Lake.  Therefore, it is difficult to incorporate all of the inputs and 
outputs in the complex system. The model involves a series of assumptions:
1. Total amount of river influx only took NB, GB, and SB into account. Flow at NI was 
undetectable with the Global Waters flowmeter. Additionally, discharge was only calculable for 3 
different days. Therefore, nutrient flux from 3 of these streams were extrapolated throughout the 
40 day period modeled. Factors such as major precipitation event, affecting nutrient flux, may 
have been missed during any of the 37 days. 
2. Groundwater flow was not taken into account, though it may have significant contribution of 
nutrient into Nequasset Lake. 
3. Alewife migration was assumed to span over a 35–day period.  
4. The model assumes minimal nutrient loading from gametes and YOY, which had been observed 
to have significant impact on MDN loading in small stream ecosystems (West et al., 2010). 
5. Nitrogen sedimentation rates were obtained from a June, 2011 dataset and was assumed 
sedimentation rate was constant throughout the migration season. 
6. Flow rate at the pourpoint of Nequasset Watershed was only measured twice throughout the 
season. Thus, nutrient output was extrapolated throughout the 40–day model using only two 
data points. 
7. Fish emigration was assigned on the 22nd day of migration during the first sighting of emigrating 
fish. The “fish decay” lasted for 2 weeks. 
8. Minimal export of nutrient from emigrating alewives was assumed. 
4.4.2 2012 migration: implications 
 Despite these assumptions, the modeled nitrogen budget of Nequasset Lake came within 
an order–of–magnitude of the measured TDN concentration, which suggests a well–constraint 
model (Figure 3.10b). It is clear that the nitrogen budget is not affected by the 2012 alewife 
migration, which only accounts of approximately 1% of the total nitrogen input (3.10a). However, 
the amount of MDN loaded may be an underestimate. This is because the “fish decay”, as discussed 
in the Methods, was set to take place on the 22nd day of migration and continues to increase until 
all alewives have left Nequasset Lake; a process that only took 2 weeks (Appendix G). In reality, 
emigration time may take longer, as some alewives may have a longer residence time (T. Willis, 
personal communication). In fact, some fish may get lost and stay in their natal spawning grounds 
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until the next season. Therefore, longer residence time in some alewives indicates higher amount of 
excretion loading. Whether or not the remaining fish may have a significant impact on MDN loading 
is unknown. More study is needed in the migratory behavioral of alewives in Nequasset Lake, as they 
are often different in small stream setting (Collette et al., 2002). Disregarding inputs from gametes 
and YOY is also resulting in an underestimation of MDN. 
 To understand the significance of MDN, one must further investigate the biological response 
of nutrient loading. Phytoplankton biomass and lake productivity have often been linked with 
nutrient loading. This includes analysis such as chlorophyll a concentrations, leaf decomposition rate, 
and water clarity (Durbin et al., 1979; Walters et al., 2009; Wetzel, 2001). Application of predictive 
models on the relationship between nutrient loading lake productivity is also presented by Wetzel 
(2001). 
4.4.3 1958 migration: implications
 The two modeled scenarios according to their estimated run size shows significant differences 
in nutrient loading as expected. Run size is estimated for 1958 because of the spike in harvest number 
at the beginning of harvest records (Figure 3.11). It should be noted that the 1958 run size is most 
likely on the higher end of the estimate. Even so, percentage of MDN in Nequasset Lake would only 
rise to approximately 7%, as seen in Scenario A, during the presence of harvest. 
 Scenario B is modeled for the 1958 run size without the presence of alewife harvest. This 
model may imitate a run size that pre–dates European settlement (Figure 3.11). In this case, MDN 
loading in Nequasset Lake contributes more than 60% of the total nitrogen input. With run 
size of more than a million, alewife migration possess the potential to provide significant MDN 
loading. Although anadromous alewives are native to coastal New England, it is unknown what the 
stock recruitment is prior to European settlement. Nevertheless, the abundance of alewives during 
migration has been correlated with surface area of spawning grounds (Walton, 1983). Collette and 
Klein–MacPhee (2001) summarized the relationship value range from of 0.7 female spawners and 
407 juveniles to 1.3 female spawners and 8 157 juveniles per hectare of lake surface. In cases when 
juveniles were present with adult alewives (11–38 fish∙ha-1), the population in their natal spawning 
grounds have the potential to exceed 1 million prior to European settlements (Collette et al., 2001). 
 During Scenario B, MDN loading into Nequasset Lake could exceed the EPA’s 
recommended concentration of total nitrogen (Figure 3.11). In 2002, the Environmental Protection 
Agency proposed water quality criteria (section 304a) for nutrients to reduce eutrophication, in 
the premise of the Clean Water Act. The goal is to reach the water quality that provides protection 
and propagation of fish, shellfish, wildlife and recreation. The agency was able to provide a nutrient 
criterion in total nitrogen (TN), total phosphorus (TP), chlorophyll a (chl a), and Secchi depth 
66
for lakes and streams across 12 Ecoregions. Maine is located in Ecoregion XIV, Eastern Coastal 
Plains, which suggests a TN concentration of 0.32 mg∙L−1. If the native population of alewives did 
reach one million prior to European settlement, then the EPA’s TN criterion may be set too low. 
Therefore, EPA’s recommendation for the region may not apply to Nequasset Lake that receives a 
“fully restored” alewife population. With increasing anthropogenic loading, however, restoration of 
migrating population may lead to negative effects in Nequasset Lake. Eutrophication may become a 
critical concern.  In reality, it is unlikely for Nequasset alewife population to reach one million with 
the presence of commercial harvest. Thus, without significantly increase anthropogenic sources of 
nitrogen, contribution of MDN is unlikely to exceed the NO3
− limit (10 mg∙L−1) in drinking water 
(EPA). Again, the importance of MDN in Nequasset Lake will stay remain unclear without knowing 
the biological response. 
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Chapter 5: Conclusion
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 According to nutrient and stable isotopes analysis, the presence of MDN in Nequasset 
Lake is unequivocal. Nutrient loading from anadromous alewives is shown by an increase in NH4
+ 
concentration at Sucker Brook and possibly at Nequasset Brook during the migration period. 
However, the only significant marine signal of δ15N of water NO3− is seen at the top of Nequasset 
Dam, where alewives school before entering the lake. The implications of MDN may be insignificant 
because nutrient loading from the 2012 migration only accounts for approximately 1% of total 
nitrogen inputs. Therefore, nitrogen cycling in Nequasset Lake is strongly influenced by river influx 
and dam overflow, rather than MDN loading. δ15N of water NO3− suggests the only detectable MDN 
signal is at the top of Nequasset Dam. Nevertheless, nutrient concentrations may suggest Nequasset 
Brook and Sucker Brook be targeted for restoration management. This may involve removing of 
dams, culverts, and any blockage from large fallen trees to assure passage upstream.
 Restoration efforts of the anadromous alewives at Nequasset Lake have already been taken 
interests by Bath Water District, Kennebec Estuary Land Trust, the harvesters, and the rest of local 
community. Alewives have been a vital cultural and economic component, as well as serving an 
important link between coastal watersheds and the Gulf of Maine. Regionally, restoration efforts 
have been apparent along the Kennebec and Penobscot River. Along the Gulf of Maine, commercial 
alewife fisheries are currently revitalizing impoverished communities (Townsend, 2012). The small 
population of alewife fishermen is often largely supported by its sales for lobster bait. Studying 
nutrient loading from anadromous alewives will certainly provide better knowledge in sustainable 
fishing, benefiting both local environment and economy. 
 At Nequasset Lake, the talk in restoration management often involves in repairing the fish 
ladder and performing sustainable harvesting. However, the concerns for many alewife restoration 
managements in New England are the risk of eutrophication, when MDN is inputted along with 
anthropogenic inputs. Such concern needs to be evaluated for Nequasset Lake because it serves 
as the reservoir of drinking water for the city of Bath. Models of the nitrogen cycle suggest that 
eutrophication due to MDN is unlikely to be the case. Without the risk of eutrophication, it 
is possible to still have significant MDN loading when alewife population increase by orders of 
magnitude. 
 To fully understand the importance of MDN, it is imperative to further investigate the 
biological response to the presence of alewives.  Future study in Nequasset Lake could concentrate 
on the effects of MDN on lake productivity, in terms of algal biomass (chlorophyll a concentration), 
plankton dynamics, and ecosystem rates (leaf litter decomposition). Furthermore, applying similar 
study on lake sediment using the same indicators may shed new light on the historic and archaic 
magnitude of the alewife runs and MDN input.
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Site Name Date Depth (m) Temp C SpC (ms/sec) pH DO (mg/L)
Bottom of Dam 4/18/2012 0.1 13.16 0.042 8.16 9.98
Bottom of Dam 4/18/2012 0.2 12.92 1.27 8.1 9.36
Deep Hole 4/18/2012 0.8 11.9 0.04 8.16 10.94
Deep Hole 4/18/2012 3.1 11.74 0.041 8.43 10.86
Deep Hole 4/18/2012 5.1 9.19 0.041 8.6 10.86
Deep Hole 4/18/2012 7.6 8.08 0.044 8.7 10.88
Deep Hole 4/18/2012 10.2 7.34 0.041 8.7 10.79
Deep Hole 4/18/2012 12.2 7.27 0.04 8.74 10.59
Deep Hole 4/18/2012 14.2 7.12 0.046 8.78 10.64
Deep Hole 4/18/2012 16.4 6.94 0.041 8.74 10.52
Deep Hole 4/18/2012 17.8 6.92 0.04 8.77 10.4
Deep Hole 4/18/2012 18.3 6.92 0.041 8.75 10.47
Deep Hole 4/18/2012 19.4 6.88 0.041 8.75 10.4
George's Brook 4/18/2012 0.1 11.9 0.041 8.13 10.54
Nequasset Brook 4/18/2012 0.5 13.7 0.052 8.44 8.05
Top of Dam 4/18/2012 0.1 13.2 0.042 8.78 10.3
Bottom of Dam 4/25/2012 0 11.91 0.044 7.04 10.56
Deep Hole 4/25/2012 0.5 11.82 0.041 7.5 10.65
Deep Hole 4/25/2012 2.5 11.1 0.041 7.43 10.22
Deep Hole 4/25/2012 4.5 10.76 0.042 7.27 10.43
Deep Hole 4/25/2012 6.5 10.73 0.042 7.19 10.39
Deep Hole 4/25/2012 8.5 10.22 0.042 7.13 10.41
Deep Hole 4/25/2012 10.5 9.26 0.042 7.08 10.49
Deep Hole 4/25/2012 12.5 7.71 0.042 7.04 10.68
Deep Hole 4/25/2012 14.5 7.43 0.042 6.99 10.6
Deep Hole 4/25/2012 16.5 7.29 0.042 6.94 10.54
Deep Hole 4/25/2012 18.5 7.22 0.042 6.88 10.35
Deep Hole 4/25/2012 20.1 7.18 0.042 6.81 9.89
George's Brook 4/25/2012 0.2 7.7 0.039 7.55 10.65
NE Inlet 4/25/2012 0.3 9.25 0.029 7.48 9.4
Nequasset Brook 4/25/2012 0.5 10.18 0.034 7.17 9.31
Sucker Brook 4/25/2012 0.7 11.56 0.053 7.14 9.01
Top of Dam 4/25/2012 0.6 11.5 0.043 7.02 10
Top of Dam 4/25/2012 0.1 11.53 0.043 6.75 9.64
Bottom of Dam 5/2/2012 0.2 9.94 0.044 6.58 10.59
Top of Dam 5/2/2012 0.2 9.93 0.044 6.61 9.96
Bottom of Dam 5/11/2012 0.2 13.34 0.04 6.67 8.29
Deep Hole 5/11/2012 0.3 12.49 0.037 6.55 6.07
Deep Hole 5/11/2012 2 12.39 0.037 6.65 6.07
Deep Hole 5/11/2012 4 12.31 0.037 6.54 6.08
Deep Hole 5/11/2012 5.8 11.47 0.037 6.55 6.06
Deep Hole 5/11/2012 8 10.51 0.037 6.57 6.27
Appendix A1: Data obtained from HydroLab with depth, temperature, SpC, pH, and DO. 
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Deep Hole 5/11/2012 9.8 10.08 0.037 6.56 6.36
Deep Hole 5/11/2012 12.2 9.89 0.038 6.5 6.39
Deep Hole 5/11/2012 14 9.64 0.037 6.51 6.41
Deep Hole 5/11/2012 16.3 9.2 0.038 6.49 6.46
Deep Hole 5/11/2012 18.2 8.93 0.036 6.43 6.43
Deep Hole 5/11/2012 20.1 8.64 0.039 6.39 5.12
George's Brook 5/11/2012 0.2 10.94 0.03 6.65 6.5
NE Inlet 5/11/2012 0.2 10.38 0.024 6.32 3.85
Nequasset Brook 5/11/2012 0.2 10.84 0.028 6.81 4.7
Sucker Brook 5/11/2012 0.2 12.86 0.042 6.44 7.99
Top of Dam 5/11/2012 0.1 13.22 0.04 6.88 7.8
Bottom of Dam 5/31/2012 0.1 21.37 0.044 6.4 8.59
Deep Hole 5/31/2012 0.5 19.9 0.042 7.09 8.25
Deep Hole 5/31/2012 2.5 19.35 0.042 7.1 7.99
Deep Hole 5/31/2012 4.5 15.36 0.042 7.07 8.55
Deep Hole 5/31/2012 6.5 12.66 0.042 7.03 8.68
Deep Hole 5/31/2012 8.5 10.95 0.043 7.01 8.69
Deep Hole 5/31/2012 10.5 9.95 0.043 6.95 7.97
Deep Hole 5/31/2012 12.5 9.74 0.043 6.92 7.65
Deep Hole 5/31/2012 14.5 9.64 0.043 6.91 7.44
Deep Hole 5/31/2012 16.5 9.53 0.043 6.86 7.76
Deep Hole 5/31/2012 18.5 9.38 0.043 6.81 5.87
George's Brook 5/31/2012 0.1 17.5 0.045 6.86 9.06
NE Inlet 5/31/2012 0.5 17.23 0.033 6.72 6.43
Nequasset Brook 5/31/2012 0.2 19.2 0.048 7.25 7.58
Sucker Brook 5/31/2012 0.2 19.21 0.063 6.74 8.16
Top of Dam 5/31/2012 0.2 20.82 0.044 6.85 7.75
Bottom of Dam 6/14/2012 0.1 17.56 0.036 6.68 9.33
Deep Hole 6/14/2012 0.5 18.57 0.034 6.44 9.2
Deep Hole 6/14/2012 2.5 18.32 0.034 6.3 9.07
Deep Hole 6/14/2012 4.5 16.28 0.034 6.27 8.54
Deep Hole 6/14/2012 6.5 12.57 0.033 6.14 7.76
Deep Hole 6/14/2012 8.5 11.16 0.039 6.08 7.52
Deep Hole 6/14/2012 10.5 10.42 0.041 6.06 7.48
Deep Hole 6/14/2012 12.5 10.03 0.042 6.08 7.38
Deep Hole 6/14/2012 14.5 9.89 0.042 6.03 7.33
Deep Hole 6/14/2012 16.5 9.77 0.044 6.02 7.25
Deep Hole 6/14/2012 18.5 9.68 0.042 6 7
George's Brook 6/14/2012 0.1 20.3 0.036 6.47 7.63
NE Inlet 6/14/2012 0.2 19.74 0.028 6.39 7.68
Nequasset Brook 6/14/2012 0.5 19.72 0.039 6.24 8.39
Sucker Brook 6/14/2012 0.1 18.41 0.049 6.44 8.35
Top of Dam 6/14/2012 0.2 17.69 0.035 7.04 7.87
Bottom of Dam 7/2/2012 0.2 26.58 0.036 6.96 9.2
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Deep Hole 7/2/2012 0.5 25.44 0.034 7.13 8.81
Deep Hole 7/2/2012 2.5 23.23 0.034 6.99 8.76
Deep Hole 7/2/2012 4.5 17.59 0.034 6.69 6.77
Deep Hole 7/2/2012 6.5 12.99 0.034 6.53 7.55
Deep Hole 7/2/2012 8.5 11.25 0.038 6.43 7.82
Deep Hole 7/2/2012 10.5 10.19 0.041 6.39 7.42
Deep Hole 7/2/2012 12.5 10.06 0.041 6.35 7.34
Deep Hole 7/2/2012 14.5 9.92 0.041 9.3 7.07
George's Brook 7/2/2012 0.2 20.75 0.05 7.02 8.22
NE Inlet 7/2/2012 0.2 20.88 0.033 6.7 3.71
Nequasset Brook 7/2/2012 0.2 26.37 0.044 7.09 7.47
Sucker Brook 7/2/2012 0.1 21.71 0.061 6.91 8.77
Top of Dam 7/2/2012 0.1 27.98 0.035 7.08 7.4
Bottom of Dam 7/14/2012 0.2 25.03 0.052 7.13 7.32
Deep Hole 7/14/2012 0.5 25.5 0.036 6.95 8.19
Deep Hole 7/14/2012 2.5 25.1 0.036 6.75 8.15
Deep Hole 7/14/2012 4.5 21.08 0.036 6.45 4.43
Deep Hole 7/14/2012 6.5 12.96 0.035 6.3 4.47
Deep Hole 7/14/2012 8.5 11.16 0.039 6.27 5.06
Deep Hole 7/14/2012 10.5 10.51 0.04 6.26 5.32
Deep Hole 7/14/2012 12.5 10.2 0.041 6.18 5.29
Deep Hole 7/14/2012 14.5 10.03 0.041 6.26 5.37
Deep Hole 7/14/2012 16.5 9.91 0.041 6.14 4.91
Deep Hole 7/14/2012 17.5 9.83 0.097 6.09 3.58
George's Brook 7/14/2012 0.1 21.93 0.038 5.88 4.85
NE Inlet 7/14/2012 0.2 20.78 0.038 6.66 4.43
Nequasset Brook 7/14/2012 0.2 23.47 0.041 6.52 4.68
Sucker Brook 7/14/2012 0.1 20.75 0.061 7.03 8.51
Top of Dam 7/14/2012 0.1 24.55 0.04 6.95 6.67
Bottom of Dam 8/22/2012 0 21.57 0.071 6.93 6.61
Deep Hole 8/22/2012 0.5 25.34 0.036 6.86 7.62
Deep Hole 8/22/2012 2.5 24.36 0.037 6.66 7.3
Deep Hole 8/22/2012 4.5 23.45 0.038 6.44 6.08
Deep Hole 8/22/2012 6.5 13.8 0.037 6.01 2.12
Deep Hole 8/22/2012 8.5 11.48 0.04 5 2.75
Deep Hole 8/22/2012 10.5 10.67 0.041 5.72 3.08
Deep Hole 8/22/2012 12.5 10.25 0.042 5.71 2.95
Deep Hole 8/22/2012 14.5 10.05 0.042 5.74 2.81
Deep Hole 8/22/2012 16.5 9.9 0.043 5.67 2.45
Deep Hole 8/22/2012 18.5 9.76 0.044 5.67 1.53
George's Brook 8/22/2012 0.2 18.45 0.07 6.41 6.27
NE Inlet 8/22/2012 0.2 18.77 0.048 6.06 2.16
Nequasset Brook 8/22/2012 0.1 20.58 0.041 6.42 4.55
Sucker Brook 8/22/2012 0.1 19.75 0.082 7.45 7.25
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Top of Dam 8/22/2012 0.1 22.62 0.042 6.62 4.07
Deep Hole 10/17/2012 0 13.72 0.039 7.09 8.21
Deep Hole 10/17/2012 2.5 13.7 0.039 6.69 7.93
Deep Hole 10/17/2012 5 13.69 0.039 6.43 7.74
Deep Hole 10/17/2012 7 13.7 0.039 6.4 7.71
Deep Hole 10/17/2012 9 13.69 0.038 6.33 7.78
Deep Hole 10/17/2012 11 12.06 0.041 6.16 2.22
Deep Hole 10/17/2012 13 10.31 0.043 6.01 0.81
Deep Hole 10/17/2012 15 9.97 0.044 5.81 0.36
Deep Hole 10/17/2012 17 9.84 0.045 5.72 0.17
Deep Hole 10/17/2012 18.8 9.75 0.047 5.7 0.14
Deep Hole 10/17/2012 19.8 9.66 0.05 5.8 0.12
Nequasset Brook 10/17/2012 1 9.17 0.051 7.57 8.31
NE Inlet 10/17/2012 0.1 9.48 0.044 7.09 7.38
George's Brook 10/17/2012 0.2 7.09 0.053 7.17 10.8
Sucker Brook 10/17/2012 0.1 8.19 0.066 6.83 10.26
Top of Dam 10/17/2012 0.2 12.78 0.041 7.05 6.88
Bottom of Dam 10/17/2012 0.1 13 0.187 9.52 6.64
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Site Name Date Secchi Disk (m)
Deep Hole 4/18/2012 2.87
Deep Hole 4/25/2012 1.33
Deep Hole 5/31/2012 3.18
Deep Hole 6/14/2012 1.53
Deep Hole 7/2/2012 2.63
Deep Hole 7/14/2012 3.06
Deep Hole 10/17/2012 3.6
NE Inlet 4/25/2012 1.3
NE Inlet 5/11/2012 1.29
NE Inlet 5/31/2012 1.05
NE Inlet 6/14/2012 1.05
NE Inlet 7/2/2012 1.13
NE Inlet 10/17/2012 0.9
Nequasset Brook 4/18/2012 1.23
Nequasset Brook 4/25/2012 1.17
Nequasset Brook 5/11/2012 0.88
Nequasset Brook 5/31/2012 0.8
Nequasset Brook 6/14/2012 0.85
Nequasset Brook 7/14/2012 1.7
Nequasset Brook 8/22/2012 1.7
Nequasset Brook 10/17/2012 1.3
Appendix A2: Measured Secchi depth at each site.
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Appendix D
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Parameters 
Exretion Rate for N content (g/fish/h) 0.00395
Mortality Rate 0.56
Nitrogen content (g/fish) 3.99
Lake Volume (cubic m) 13268564.1
2012 Alewife Run Size (fish) 16932
Assumptions
Duration of migration (days) 40
Residence time of fish (hrs) 504
Appendix D1: Parameters used to calculate and model nutrient cycling in Nequasset 
Lake.
88
Appendix E
89
2 end-member mixing model
0 ppm (blank)
µmoles reovered: 1.48±0.44
δ15N of blank NO3- (‰ vs. air): −2.63±0.45
Let x = fraction of N from Devarda's alloy (i.e. measured δ15N of blank NO3-)Let 
Let 1−x = fraction of N from NaNO3
δ15Nmeasured of sample NO3- = fraction from Devarda's alloy (−2.63) + fraction from sample (x)
Sample calculation for standard 0.1 ppm
3.33 = (−2.63)x + 7.78 (1−x)
x = 0.427 
Therefore, 42.7% of N is from Devarda's alloy. 
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Sample ID Date
Avg umoles N 
recovery Std umoles
Measured 
Avg d15N
Std 
d15N n
BD 4/18/2012 5.02 1.17 -1.43 0.49 3
BD 5/11/2012 3.20 0.32 -2.00 0.47 3
BD 5/31/2012 3.35 0.37 -1.73 0.07 2
BD 6/14/2012 2.82 0.44 -2.85 1.41 3
BD 7/2/2012 2.93 0.36 -2.93 0.21 3
DHD 4/18/2012 6.78 1.67 -1.13 0.19 3
DHD 4/26/2012 11.95 0.38 -0.55 0.08 3
DHD 5/11/2012 5.13 0.41 4.15 0.13 3
DHD 5/31/2012 4.32 0.45 -1.02 0.35 3
DHD 6/14/2012 5.01 0.14 -1.27 0.55 3
DHD 7/2/2012 3.24 0.45 -1.56 0.72 3
DHS 4/18/2012 5.20 0.91 -1.83 0.85 4
DHS 4/26/2012 4.98 0.16 -3.10 2.37 2
DHS 5/11/2012 3.32 0.17 -1.44 0.52 3
DHS 5/31/2012 2.29 0.63 -3.45 0.25 3
DHS 6/14/2012 3.05 0.73 -3.64 0.82 3
DHS 7/2/2012 2.76 0.62 -3.24 1.13 3
GB 4/18/2012 6.37 2.71 -1.78 0.49 3
GB 4/26/2012 3.77 0.24 -0.89 0.65 3
GB 5/11/2012 2.11 0.09 -3.12 0.16 3
GB 5/31/2012 3.85 0.47 -2.26 1.64 3
GB 6/14/2012 3.43 0.43 -2.79 0.53 3
GB 7/2/2012 10.48 1.56 0.56 0.74 3
NB 4/18/2012 3.61 0.27 -1.31 0.42 4
NB 4/26/2012 5.35 1.18 0.53 1.15 3
NB 5/11/2012 4.01 0.72 -1.17 0.41 3
NB 5/31/2012 4.10 0.58 -1.23 0.52 3
NB 6/14/2012 4.99 0.03 -2.26 0.46 3
NB 7/2/2012 3.61 0.31 -2.68 0.65 3
NI 4/26/2012 5.44 1.52 -0.84 1.81 3
NI 5/11/2012 2.73 0.73 -2.50 0.42 3
NI 5/31/2012 2.94 0.34 -3.47 1.08 3
NI 6/14/2012 3.99 0.85 -3.47 1.08 3
NI 7/2/2012 5.09 0.57 -1.63 1.34 3
SB 4/26/2012 3.24 0.12 -1.11 0.63 3
SB 5/11/2012 2.95 0.04 -1.51 0.65 3
SB 5/31/2012 3.09 1.33 -2.79 0.01 3
SB 6/14/2012 4.21 0.54 -3.53 2.00 3
SB 7/2/2012 5.99 0.17 -0.05 0.66 3
TD 4/26/2012 4.51 0.32 -1.21 0.65 3
TD 5/11/2012 3.47 0.38 -0.66 0.33 3
TD 5/31/2012 2.45 0.21 -1.15 0.25 3
TD 6/14/2012 2.88 0.12 -1.76 0.36 3
TD 7/2/2012 2.62 0.32 -3.01 1.03 3
fraction 
contributed 
from blank
fraction 
of sample 
True 
d15N
Std True 
d15N
0.29 0.71 -0.94 0.73
0.46 0.54 -1.45 1.00
0.44 0.56 -1.02 0.39
0.52 0.48 -3.09 3.24
0.51 -3.24 0.40 0.40
0.22 0.78 -0.71 0.55
0.12 0.88 -0.26 0.97
0.29 0.71 6.90 5.14
0.34 0.66 -0.18 0.86
0.30 0.70 -0.70 0.76
0.46 -0.72 1.19 1.19
0.28 0.72 -1.52 1.36
0.30 0.70 -3.29 4.77
0.45 0.55 -0.48 1.07
0.65 0.35 -4.94 3.16
0.48 0.52 -4.59 2.13
0.54 -3.98 2.68 2.68
0.23 0.77 -1.52 1.51
0.39 0.61 0.23 1.42
0.70 0.30 -4.28 0.84
0.38 0.62 -2.04 3.31
0.43 0.57 -2.92 0.97
0.14 1.10 0.94 0.94
0.41 0.59 -0.39 1.25
0.28 0.72 1.73 2.19
0.37 0.63 -0.32 0.92
0.36 0.64 -0.44 0.88
0.30 0.70 -2.11 0.66
0.41 -2.76 1.12 1.12
0.27 0.73 -0.17 3.69
0.54 0.46 -2.36 1.37
0.50 0.50 -4.33 2.88
0.37 0.63 -3.97 1.06
0.29 -1.28 1.84 1.84
0.46 0.54 0.17 1.47
0.50 0.50 -0.39 1.55
0.48 0.52 -2.94 1.53
0.35 0.65 -4.02 3.07
0.25 0.80 0.90 0.90
0.33 0.67 -0.52 1.19
0.43 0.57 0.80 0.99
0.60 0.40 1.11 0.43
0.51 0.49 -0.83 0.73
0.57 -3.27 2.35 2.35
Appendix F2: Summary data of δ15N of sample NO3-.
95
Appendix G
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dt LY carcass (g) LY excretion (g)
Precipitation 
Input (g) Total Streams (g) 
0 335.16 14.23 0 189667
0.25 1000.12 51.96 0 189113
0.5 1665.07 89.69 0 188559
0.75 2330.03 127.42 0 188005
1 2994.99 165.15 0 187451
1.25 3659.95 192.51 7841 186898
1.5 3432.04 218.5 15682 186344
1.75 3204.13 244.48 23523 185790
2 2976.22 270.46 31364 185236
2.25 2748.31 278.16 24847 184682
2.5 2520.4 280.24 18330 184128
2.75 2056.54 282.31 11812 183575
3 1592.68 284.38 5295 183021
3.25 1128.82 285.83 15173 182467
3.5 664.96 286.93 25050 181913
3.75 201.1 288.04 34928 181359
4 182.33 289.15 44806 180806
4.25 163.56 290.1 33706 180252
4.5 144.79 290.93 22607 179698
4.75 126.02 291.76 11507 179144
5 107.25 292.59 407 178590
5.25 101.89 293.08 305 178036
5.5 96.53 293.08 204 177483
5.75 91.16 293.08 102 176929
6 85.8 293.08 0 176375
6.25 80.44 296.41 0 175821
6.5 64.35 307.75 0 175267
6.75 48.26 319.08 0 174714
7 32.18 330.41 0 174160
7.25 16.09 345.4 0 173606
7.5 0 377.47 0 173052
7.75 219.86 409.53 0 172498
8 439.73 441.6 0 171944
8.25 659.59 472.04 7128 171391
8.5 879.46 476.6 14256 170837
8.75 1099.32 481.16 21385 170283
9 1501.52 485.72 28513 169729
9.25 1903.71 490.29 24643 169175
9.5 2305.9 496.93 20774 168622
9.75 2708.09 503.7 16904 168068
10 3110.28 510.47 13034 167514
10.25 2576.71 517.24 10590 166960
10.5 2043.14 519.35 8146 166406
10.75 1509.56 520.46 5703 165852
11 975.99 521.56 3259 165299
11.25 442.41 522.67 2444 164745
11.5 485.31 538.31 1629 164191
11.75 528.21 560.01 815 163637
12 571.11 581.71 0 163083
12.25 614.01 603.4 0 162529
12.5 656.91 622.74 0 161976
12.75 546.98 640.44 0 161422
13 437.05 658.13 0 160868
13.25 327.12 675.82 0 160314
13.5 217.18 689.34 0 159760
13.75 107.25 698.19 0 159207
14 506.76 707.03 0 158653
14.25 906.27 715.88 0 158099
14.5 1305.78 725.02 0 157545
14.75 1705.29 734.69 0 156991
15 2104.8 744.37 0 156437
15.25 2027.05 754.04 2037 155884
15.5 1949.29 773.93 4073 155330
15.75 1871.53 827 6110 154776
16 1793.78 880.07 8146 154222
16.25 1716.02 933.14 6110 153668
16.5 1544.42 980.23 4073 153115
16.75 1372.82 982.44 2037 152561
17 1201.21 984.65 0 152007
17.25 1029.61 986.86 0 151453
17.5 858.01 989.07 0 150899
17.75 874.1 1031.64 0 150345
18 890.18 1074.21 0 149792
18.25 906.27 1116.78 0 149238
18.5 922.36 1159.35 0 148684
18.75 938.45 1170.7 0 148130
19 1780.37 1177.88 0 147576
19.25 2622.29 1185.07 0 147023
19.5 3464.21 1192.26 0 146469
19.75 4306.14 1195.53 0 145915
20 5148.06 1197.61 0 145361
20.25 4161.35 1199.68 0 144450
20.5 3174.64 1201.75 0 143539
20.75 2187.92 1200.01 0 142627
21 1201.21 1196.19 0 141716
21.25 214.5 1192.37 0 140805
Output at Nequsset 
Dam (g) Nequasset Lake (g)
222448 190016
220906 180494
219363 171394
217821 162718
216279 154464
214736 146633
213194 141182
211651 137889
198573 136752
181169 140656
163765 147088
146361 156048
128957 167474
111553 181369
94149 201830
83599 228858
81273 260738
78948 295526
76622 327978
74296 358093
71971 385872
69645 411315
68627 437173
73491 463121
78355 487688
83219 510874
88083 532704
92947 553179
97811 572298
102676 590062
98185 606470
92758 623867
87332 642545
81905 662505
76479 685527
71052 711605
65626 740740
64297 772976
65309 804541
66321 834849
67333 863901
68345 891695
69358 918356
70370 943881
72085 968270
75029 991349
77973 1013216
80917 1034019
83861 1053761
86806 1072440
89750 1090261
96211 1107224
137848 1122409
179484 1127023
221120 1121067
262757 1104540
304393 1077439
346030 1039894
387666 991902
376921 933465
354537 877679
332152 827452
309767 783175
287383 744851
264998 712487
242613 686084
225848 664623
213766 646675
201684 631057
189602 617770
177520 607322
165438 599715
153356 595004
141680 593189
131084 594170
120488 597677
109892 603700
99296 612447
88700 623916
78104 638108
67509 655022
75606 674657
83704 691794
91801 706433
99899 718572
107996 728211
Appendix G1: Exported data of the 2012 nutrient cycling model from STELLA.
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21.5 997.44 1188.55 0 139893
21.75 1780.37 1196.05 0 138982
22 2563.3 1213.61 0 138071
22.25 3346.24 1231.18 12831 137159
22.5 4129.17 1248.75 25661 136248
22.75 3442.76 1267.53 38492 135337
23 2756.36 1288.04 51323 134425
23.25 2069.95 1308.56 38594 133514
23.5 1383.54 1329.08 25865 132603
23.75 697.13 1344.63 13136 131692
24 597.93 1348.25 407 130780
24.25 498.72 1351.88 407 129869
24.5 399.51 1355.51 407 128958
24.75 300.3 1355.71 407 128046
25 201.1 1339.92 407 127135
25.25 370.02 1324.13 305 126224
25.5 538.94 1308.34 204 125312
25.75 707.86 1295.27 102 124401
26 876.78 1325.78 0 123490
26.25 1045.7 1356.28 18635 122579
26.5 1187.81 1386.78 37270 121667
26.75 1329.91 1417.28 55905 120756
27 1472.02 1417.1 74540 119845
27.25 1614.13 1415 117004 118933
27.5 1756.24 1412.9 159468 118022
27.75 1820.59 1410.8 201931 117111
28 1884.94 1418.2 244395 116199
28.25 1949.29 1427.64 190628 115288
28.5 2013.64 1437.08 136861 114377
28.75 2077.99 1446.52 83094 113465
29 1753.56 1421.09 29327 112554
29.25 1429.12 1381.14 23014 111643
29.5 1104.69 1341.18 16700 110732
29.75 780.25 1301.23 10387 109820
30 455.82 1284.77 4073 108909
30.25 399.51 1284.77 3157 107998
30.5 343.2 1284.77 2240 107086
30.75 286.9 1284.77 1324 106175
31 230.59 1248.07 407 105264
31.25 174.28 1170.06 305 104352
31.5 734.67 1092.06 204 103441
31.75 1295.06 1014.05 102 102530
32 1855.45 963.58 0 101619
32.25 2415.83 963.58 3259 100707
116094 735351
124191 740433
131114 743461
137597 744730
144080 747558
150563 751946
157046 757526
163529 764298
170011 765873
168907 762252
158696 755328
148486 747523
138276 742019
128065 738816
117855 737913
107645 739306
98603 743036
94819 748812
91036 755319
87252 762569
83468 775246
79685 793343
75901 816859
72117 845788
73165 886086
74695 936546
76225 997026
77756 1067530
79286 1124000
80816 1166436
82347 1194839
82681 1209102
82331 1221384
81982 1231857
81632 1240519
81283 1247377
80934 1253852
80584 1259943
82918 1265650
89947 1270294
96976 1272894
104005 1273603
111034 1272423
118063 1269360
10.5 2043.14 519.35 8146 166406
10.75 1509.56 520.46 5703 165852
11 975.99 521.56 3259 165299
11.25 442.41 522.67 2444 164745
11.5 485.31 538.31 1629 164191
11.75 528.21 560.01 815 163637
12 571.11 581.71 0 163083
12.25 614.01 603.4 0 162529
12.5 656.91 622.74 0 161976
12.75 546.98 640.44 0 161422
13 437.05 658.13 0 160868
13.25 327.12 675.82 0 160314
13.5 217.18 689.34 0 159760
13.75 107.25 698.19 0 159207
14 506.76 707.03 0 158653
14.25 906.27 715.88 0 158099
14.5 1305.78 725.02 0 157545
14.75 1705.29 734.69 0 156991
15 2104.8 744.37 0 156437
15.25 2027.05 754.04 2037 155884
15.5 1949.29 773.93 4073 155330
15.75 1871.53 827 6110 154776
16 1793.78 880.07 8146 154222
16.25 1716.02 933.14 6110 153668
16.5 1544.42 980.23 4073 153115
16.75 1372.82 982.44 2037 152561
17 1201.21 984.65 0 152007
17.25 1029.61 986.86 0 151453
17.5 858.01 989.07 0 150899
17.75 874.1 1031.64 0 150345
18 890.18 1074.21 0 149792
18.25 906.27 1116.78 0 149238
18.5 922.36 1159.35 0 148684
18.75 938.45 1170.7 0 148130
19 1780.37 1177.88 0 147576
19.25 2622.29 1185.07 0 147023
19.5 3464.21 1192.26 0 146469
19.75 4306.14 1195.53 0 145915
20 5148.06 1197.61 0 145361
20.25 4161.35 1199.68 0 144450
20.5 3174.64 1201.75 0 143539
20.75 2187.92 1200.01 0 142627
21 1201.21 1196.19 0 141716
21.25 214.5 1192.37 0 140805
69358 918356
70370 943881
72085 968270
75029 991349
77973 1013216
80917 1034019
83861 1053761
86806 1072440
89750 1090261
96211 1107224
137848 1122409
179484 1127023
221120 1121067
262757 1104540
304393 1077439
346030 1039894
387666 991902
376921 933465
354537 877679
332152 827452
309767 783175
287383 744851
264998 712487
242613 686084
225848 664623
213766 646675
201684 631057
189602 617770
177520 607322
165438 599715
153356 595004
141680 593189
131084 594170
120488 597677
109892 603700
99296 612447
88700 623916
78104 638108
67509 655022
75606 674657
83704 691794
91801 706433
99899 718572
107996 728211
dt LY carcass (g) LY excretion (g)
Precipitation 
Input (g) Total Streams (g) 
0 335.16 14.23 0 189667
0. 10 0.12 51.96 89113
0. 66 .07 89.69 88 59
0. 2330.03 127.42 88005
1 2994.99 165.15 87 51
1. 3659.9 192.51 7841 86 98
1. 3432.04 218.5 15682 86 44
1. 3204.1 244.48 23523 85 90
2 2976.22 27 .46 31364 85 36
2. 2 48.31 278. 6 24847 84 82
2. 2520.4 2 . 4 18330 84 28
2. 2056.54 2 .31 11812 83 75
3 592.68 2 .38 5295 83 21
3. 1 8.82 2 5. 3 15173 82 67
3. 664.96 2 6.93 2505 81913
3. 201. 288.0 34928 81 59
4 182.33 289.15 44806 80806
4. 163.56 290.1 33706 80 52
4. 144.79 290.93 22607 79 98
4 126 02 291.76 11507 79 44
5 107 25 292 59 407 78 90
5 101 8 293 8 305 78 36
5 96 53 2 3 08 204 77 83
5 91 6 2 3 08 102 76 29
6 5.8 2 3 08 76 75
6 80 44 2 6 41 75821
6 6 35 3 7 75267
6 48 26 319 8 74714
7 32 18 330 41 74160
7 16.09 345.4 736 6
7. 0 377.47 73052
7. 219.86 409.53 72498
8 439.7 441.6 71944
8. 659.59 472.04 7128 71391
8. 87 .46 76.6 14256 70837
8. 1099.32 481.16 21385 70283
9 1501.52 4 5.72 2851 697 9
9.25 1903.71 490.29 24643 169175
9.5 2305.9 496.93 20774 168622
9.75 2708.09 503.7 16904 168068
10 3110.28 510.47 13034 167514
10.25 2576.71 517.24 10590 166960
Output at Nequsset 
Dam (g) Nequasset Lake (g)
222448 190016
220906 1804
2193 3 17 394
2178 162718
216279 154464
214736 146633
213194 141 82
11651 137 89
198573 136752
181169 140656
163765 147088
1463 1 15 048
128957 167474
11553 181369
94149 2 1830
83599 228858
81273 260738
78948 2 5526
76622 3279 8
74296 358093
71971 385872
6 645 4 1315
6 627 437173
3491 463 21
78355 487688
83219 510874
8083 532 0
2947 553179
7 11 572298
267 590062
98185 606470
92758 623867
87332 642545
81905 662505
76479 685527
71052 711605
65626 740740
64297 772976
65309 804541
66321 834849
67333 863901
68345 891695
Appendix G1 (cont.)
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32.5 2976.22 963.58 6517 99796
32.75 2399.75 963.58 9776 98885
33 1823.27 926.87 13034 97973
33.25 1246.8 770.86 9776 97062
33.5 670.32 614.86 6517 96151
33.75 93.84 458.85 3259 95239
34 260.08 312.02 0 94328
34.25 426.32 234.01 0 93417
34.5 592.56 156.01 0 92505
34.75 758.8 78 0 91594
35 925.04 0 0 90683
35.25 925.04 0 0 89772
35.5 925.04 0 0 88860
35.75 925.04 0 0 87949
36 925.04 0 0 87038
36.25 925.04 0 0 86126
36.5 925.04 0 0 85215
36.75 925.04 0 0 84304
37 925.04 0 0 83392
37.25 925.04 0 4379 82481
37.5 925.04 0 8757 81570
37.75 925.04 0 13136 80659
38 925.04 0 17515 79747
38.25 925.04 0 13136 78836
38.5 925.04 0 8757 77925
38.75 925.04 0 4379 77013
39 925.04 0 0 76102
39.25 925.04 0 0 75191
39.5 925.04 0 0 74279
39.75 925.04 0 0 73368
Total 204219.63 114490.63 2281018 22172429
125092 1265266
133542 1260142
156191 1253348
178841 1241326
201491 1222415
224141 1196616
246790 1163930
269440 1124543
292090 1079288
270851 1028165
239858 982145
208866 943669
177874 912712
146882 889276
115889 873359
84897 864964
70365 864088
69549 866618
68734 869123
67919 871605
67103 875157
66288 879780
65473 885474
65192 892238
66339 897750
67486 901653
68632 903947
69779 904631
70926 904801
72073 904457
21012727
21.5 997.44 1188.55 0 139893
21.75 1780.37 1196.05 0 138982
22 2563.3 1213.61 0 138071
22.25 3346.24 1231.18 12831 137159
22.5 4129.17 1248.75 25661 136248
22.75 3442.76 1267.53 38492 135337
23 2756.36 1288.04 51323 134425
23.25 2069.95 1308.56 38594 133514
23.5 1383.54 1329.08 25865 132603
23.75 697.13 1344.63 13136 131692
24 597.93 1348.25 407 130780
24.25 498.72 1351.88 407 129869
24.5 399.51 1355.51 407 128958
24.75 300.3 1355.71 407 128046
25 201.1 1339.92 407 127135
25.25 370.02 1324.13 305 126224
25.5 538.94 1308.34 204 125312
25.75 707.86 1295.27 102 124401
26 876.78 1325.78 0 123490
26.25 1045.7 1356.28 18635 122579
26.5 1187.81 1386.78 37270 121667
26.75 1329.91 1417.28 55905 120756
27 1472.02 1417.1 74540 119845
27.25 1614.13 1415 117004 118933
27.5 1756.24 1412.9 159468 118022
27.75 1820.59 1410.8 201931 117111
28 1884.94 1418.2 244395 116199
28.25 1949.29 1427.64 190628 115288
28.5 2013.64 1437.08 136861 114377
28.75 2077.99 1446.52 83094 113465
29 1753.56 1421.09 29327 112554
29.25 1429.12 1381.14 23014 111643
29.5 1104.69 1341.18 16700 110732
29.75 780.25 1301.23 10387 109820
30 455.82 1284.77 4073 108909
30.25 399.51 1284.77 3157 107998
30.5 343.2 1284.77 2240 107086
30.75 286.9 1284.77 1324 106175
31 230.59 1248.07 407 105264
31.25 174.28 1170.06 305 104352
31.5 734.67 1092.06 204 103441
31.75 1295.06 1014.05 102 102530
32 1855.45 963.58 0 101619
32.25 2415.83 963.58 3259 100707
116094 735351
124191 740433
131114 743461
137597 744730
144080 747558
150563 751946
157046 757526
163529 764298
170011 765873
168907 762252
158696 755328
148486 747523
138276 742019
128065 738816
117855 737913
107645 739306
98603 743036
94819 748812
91036 755319
87252 762569
83468 775246
79685 793343
75901 816859
72117 845788
73165 886086
74695 936546
76225 997026
77756 1067530
79286 1124000
80816 1166436
82347 1194839
82681 1209102
82331 1221384
81982 1231857
81632 1240519
81283 1247377
80934 1253852
80584 1259943
82918 1265650
89947 1270294
96976 1272894
104005 1273603
111034 1272423
118063 1269360
dt LY carcass (g) LY excretion (g)
Precipitation 
Input (g) Total Streams (g) 
0 35 16 1 23 0 89667
0.2 1000.1 51 96 89113
0. 1665.07 9 69 0 88559
0.75 23 03 127 42 0 88005
1 299 99 65 15 0 874 1
1.2 3659 95 1 51 7841 86898
1. 3432 4 218. 1568 86344
1.75 3204 13 244 4 23523 85790
2 976 22 270 46 31364 85236
2.2 748 31 278 16 2484 184682
2. 2520.4 280 24 18330 184128
2.75 2056 54 282 31 1812 1835 5
3 1592.6 284 38 5295 183 21
.2 1128 8 285 3 15173 182467
3. 664 96 286 93 250 0 181913
3.75 2 1.1 288. 4 34928 181 59
4 182. 3 89.15 44806 180806
4.2 163. 290. 33706 180252
4. 144.79 290.93 22607 1796 8
4.7 1 6. 2 291.76 11507 179144
107.25 292.59 407 178590
5.2 101.89 293.08 305 17 036
5. 96.53 293.08 204 17 483
5.75 91.16 293.08 102 176929
6 85.8 293.08 0 176375
6.25 80.44 296.41 0 175821
6.5 64.35 307.75 0 175267
6.75 48.26 319.08 0 174714
7 32.18 330.41 0 174160
7.25 16.09 345.4 0 173606
7.5 0 377.47 0 173052
7.75 219.86 409.53 0 172498
8 439.73 441.6 0 171944
8.25 659.59 472.04 7128 171391
8.5 879.46 476.6 14256 170837
8.75 1099.32 481.16 21385 170283
9 1501.52 485.72 28513 169729
9.25 1903.71 490.29 24643 169175
9.5 2305.9 496.93 20774 168622
9.75 2708.09 503.7 16904 168068
10 3110.28 510.47 13034 167514
10.25 2576.71 517.24 10590 166960
Output at Nequsset 
Dam (g) Nequasset Lake (g)
222448 190016
22 06 180494
219363 171394
217821 1 2718
216279 15446
21473 146633
213194 141182
2 651 137889
9 57 136752
81169 14065
6 765 147088
4 36 1 60
2 957 167474
11 553 181369
94149 201830
83599 228858
81273 260738
78948 295526
76622 327978
74296 358093
71971 385872
69645 411315
68627 437173
73491 463121
78355 487688
83219 510874
88083 532704
92947 553179
97811 572298
102676 590062
98185 606470
92758 623867
87332 642545
81905 662505
76479 685527
71052 711605
65626 740740
64297 772976
65309 804541
66321 834849
67333 863901
68345 891695Appendix G1 (cont.)
